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SECTION  1 


INTRODUCTION 

Terminal  operational  c  pacity  could  be  increased  by 
reducing  the  present  lateral  separation  criteria  between  simul¬ 
taneous  Instrument  Flight  Rules  (IFR)  operations  on  parallel 
runways  and  by  establishing  a  basis  for  separation  criteria  for 
Conventional  Take-Off  and  Landing/Short  Take-Off  and  Landing 
(CTOL/STOL)  operations  for  parallel  or  skewed  runways.  The 

*  objective  of  the  Lateral  Separation  Study  is  to  provide  a  means 
for  establishing  the  feasibility  of  minimizing  runway  spacings 
for  the  purpose  of  increasing  tne  terminal  operational  capacity. 

The  Lateral  Separation  Study  provides  a  method  for 

*  determining  the  minimum  lateral  spacing  between  runways  and 
measuring  the  relative  safety  for  a  given  runway  spacing.  A 
detailed  procedural  description  of  this  method  is  contained  in 
Volume  I  of  this  report.  The  basic  objectives  of  Volume  II 
are  to  present  the  data  essential  to  the  determination  of 
minimum  runway  spacings  and  to  describe  the  development  of  the 
techniques  used  to  generate  this  data. 

A  presentation  of  the  list  of  data  essential  to 
the  determination  of  minimum  runway  spacings  and  a  brief  des¬ 
cription  of  the  problems  associated  with  the  generation  of 
this  data  are  contained  in  Section  1.1.  Briefly,  this  data 
includes:  probability  of  collision  data,  normal  operating  zone 
data,  and  blunder  recovery  data. 

Section  2  provides  a  detailed  description  of  the 
development  of  techniques  used  to  generate  the  required  data. 

The  basic  approach  used  in  generating  probability  of  collision 
and  normal  operating  zone  data  was  to  obtain  statistical  des¬ 
criptions  of  the  location  errors  (probability  density  functions) 
of  aircraft  operating  under  IFR  conditions.  The  probability 
density  functions  in  turn  were  used  directly  to  compute  the 
probability  of  collision  data  and  normal  operating  zone  data. 

*  The  lateral  error  probability  density  functions  were  obtained 
from  the  Fokker-Planck  equation.  The  Fokker-Planck  equation 
uses  the  system  dynamics,  provided  by  approach  system  models, 
and  an  initial  lateral  distribution,  provided  by  measured  dis- 

*  tribution  data,  to  propagate  the  probability  density  function  in 
time.  A  deterministic  analysis  which  included  a  parametric 
variation  of  the  pertinent  system  parameters  was  used  to  generate 
the  blunder  recovery  data. 

The  results  of  the  various  analyses  described  in 
Section  2  are  discussed  in  Section  3  and  presented  in  the 
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appendices.  In  addition  to  the  probability  of  collision  data# 
normal  operating  zone  data  and  blunder  recovery  data#  several 
other  study  results  are  presented  including:  Measured  distribu¬ 
tion  data,  approach  system  models,  sensitivity  data#  and  pro¬ 
bability  density  function  data. 

Section  4  presents  a  summary  of  the  study  results 
.  and  the  methods  utilized  to  obtain  these  results. 
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SECTION  1.1 
PROBLEM  DEFINITION 

*  ' 

i 

As  stated  previously,  the  objective  of  this  study 
is  to  provide  a  means  to  establish  the  feasibility  of  minimiz¬ 
ing  runway  spacings  for  the  purpose  of  increasing  the  terminal 
operational  capacity.  This  objective  is  accomplished  by  pro¬ 
viding  a  method  for  determining  the  minimum  lateral  spacing 
between  r^  <ys  and  for  measuring  the  relative  safety  for  a 
given  r>-  -.way  spacing.  The  basic  problem  then  is  to  determine 
this  met  i  and  to  generate  the  necessary  data. 

It  is  necessary  to  provide  a  method  for  determining 
minimum  runway  spacings  for  the  following  aircraft  and  runway 
configurations : 

(1)  CTOL/CTOL  -  parallel, 

(2)  CTOL/STOL  -  parallel  at  different  threshold 

locations, 

(3)  CTOL/STOL  -  skewed,  and 

(4)  STOL/STOL  -  parallel. 

The  method  should  be  capable  of  handling  the  following  approach 
systems: 

(1)  front  course  Instrument  Landing  System  (FC-ILS) 

(2)  back  course  Instrument  Landing  System  (BC-ILS) , 
and 

(3)  VHF  omnidirectional  range/di,stance  measuring 

equipment  (VOR/DME) .  , 

Both  independent  and  dependent  operations  should  be  considered, 
as  well  as  arrivals,  departures,  missed  approaches,  and  blunders 

Minimum  runway  spacings  and  relative  safety  con¬ 
siderations  shall  be  based  upon  the  following:  1 

(1)  no  transgression  zones, 

(2)  normal  operating  zones, 

(3)  blunder  recovery  airspace,  and 

(4)  probability  of  collision. 

The  problems  specific  to  Volume  II  of  this  report 
are  associated  with  the  generation  of  the  data  essential  to 
minimum  runway  spacing  determination  and  relative  safety 
determination.  The  problems  may  be  subdivided  into  four 
specific  problem  areas,  which  are: 

(1)  developing  system  models, 

(2)  determining  normal  operating  zones  (NOZ), 

(3)  determining  areas  required  for  recovery  from 
blunder  situations. 
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(4)  determining  runway  separation  evaluation  data 
'  (probability  of  collision  data) 

The  development  of  system  models  should  include 
models  for  parallel  arrival  and  departure  runways  and  various 
other  multiple  runway  configurations.  These  models  should 
also  include  both  straight-in  and  curved  approach  paths.  The 
models  shduld  consider  longitudinal  separation  and  lateral 
deviations. 

1 

The  normal  operating  zones  should  be  determined 
for  FC-ILS,  Category  I,  CTOL  approaches;  FC-ILS,  Category  II,  , 

CTOL  approaches;  BC-ILS,  Category  I,.  CTOL  approaches;  FC-ILS, 
Category  I,  STOL  approaches;  and  VOR/DME,  CTOL  approaches. 

These  ’normal  operating  zones  should  be  such  that  either  68% 

or  95%  of  the  operations  are  contained  in  the  zone.  •  ,  * 

The  blunder  recovery  area  should  be  determined  for 
combinations  'of  parameters  which  include  a  set.  of  extreme 
deviation  situations  *  a  set  of  data  acquisition  systems  having 
various  accuracies  and  update  rates,  a  set  of  rules  and  pro¬ 
cedures,  a  set  pf  aircraft/pilot  performance  characteristics, 
a  set  of  communication  times,  hnd  a  set  of  measurement  tech¬ 
niques.  ,  ■ 

The  runway  separation  evaluation  data  should  be 
determined  for  independent  parallel  CTOL  operations  for  front 
course  ILS/front  course  ILS,  front  course  ILS/back  course  ILS, 
and  front  course  ILS/ (VOR/DME)  approaches .  This  data  should 
also  be  determined  for  dependent  parallel  CTOL  front  course 
ILS  approaches  with  various  longitudinal  separations  and  for  i 

independent  parallel1 CTOL/ STOL  and  5T0L/ST0L  front  course  ILS 
approaches  for  specific  STOL  runway  threshold  locations,. 

Once  the  solutions  to  the  previous  four  problems 
are  obtained,  the,  problem  of  determining  minimum  spacing  between 
runways  should  £e  solved.  This  minimum  spacing  would  be  based 
on  an  associated  collision  probability  value  determined  by 
1  solving  (4),  a  normal  operating  zonb  determined  by  solving  \2), 
a  blunder  recovery  area  determined  by  solving  (3),  and  a  no  • 

transgression  zone.  A  procedure  for  determining  minimum  runway 
spacings  should, be  determined  for; 

1)  Parallel ,  runw’ays  and  independent  operations  for; 

t'C-ILS-CTOL/FC-ILS-CTOL  -  * 

,  •  FC-ILS-CTOL/BC-ILS-CTOL 

:  FC-ILS-CTOL/ (VOR/DME) -CTOL 

FC-ILS-CTOL/FC-ILS-STOL  (different^  runway 
threshold  locations) 

FC-ILS-STOL/FC-ILS-STOL  ! 

1-4 


l 


2)  Parallel  runways  and  dependent  operations  for: 

FC-ILS-CTOL/FC-ILS-CTOL 

3)  Skewed  runways  and  independent  operations  for: 

FC-ILS-CTOL/FC-ILS-STOL  with  due  consid¬ 
eration  for  approaches,  departures, 
and  missed  approaches. 

Once  the  minimum  spacing  problem  is  solved  for  CTOL/CTOL,  CTOL/ 
STOL,  and  STOL/STOL,  the  effect  on  the  terminal  operational 
capacity  could  be  determined. 
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SECTION  2 


METHOD  OF  SOLUTION 


The  objective  of  the  methodology  described  in  the 
following  sections  is  the  determination  of  the  data  required 
to  obtain  values  for  the  minimum  spacing  between  CTOL/CTOL, 
CTOL/STOL,  and  STOL/STOL  runways  under  various  operational 
procedures.  This  methodology  is  illustrated  in  block  diagram 
form  in  Figure  2-1. 

Basically,  this  methodology  involves  the  derivation 
of  system  models  that  include  all  pertinent  approach  system 
characteristics  such  as  pilot  performance,  aircraft  performance, 
instrument  approach  system  response  and  errors,  controller 
interactions,  etc.  These  models  are  discussed  in  further  detail 
in  Section  2.1. 

Using  these  models,  a  set  of  state  equations  were 
derived,  and  the  corresponding  Fokker-Planck  partial  differen¬ 
tial  equation  was  developed.  Th-j  development  of  the  Fckker- 
Planck  equation  is  described  in  Section  2.2. 

The  location  error  data  collected  at  Chicago, 
Portland,  Atlanta,  NAFEC,  Charleston  and  elsewhere  was  then 
processed  to  yield  the  measured  aircraft  error  distributions. 

The  lateral  distributions  were  used  to  initialize  the  Fokker- 
Planck  equation,  to  aid  in  verification  of  the  system  models, 
and  to  a.’d  in  the  collision  prooability  determination.  A 
description  of  this  effort  is  included  in  Section  2.3. 

Verification  of  the  system  models  was  accomplished 
by  comparing  observed  quantities  from  the  physical  system  to 
those  quantities  predicted  by  the  models  as  discussed  in  Section 
2.4.  In  an  effort  to  determine  the  dominant  system  parameters, 
a  sensitivity  analysis  was  completed  using  both  a  deterministic 
and  a  statistical  model.  The  approach  and  results  of  this 
investigation  are  also  included  in  Section  2.4. 

Using  the  initial  lateral  measured  error  distribu¬ 
tions  and  the  verified  Fokker-Planck  equation,  the  aircraft 
positional  error  distributions,  or  probability  density  func¬ 
tions,  from  the  initial  range  to  the  decision  height  were  com¬ 
puted,  as  described  in  Section  2.5.  These  density  surfaces  are 
the  statistical  description  of  the  positional  errors  of  the  air¬ 
craft  at  time  or  range  intervals  along  the  approach.  The 
models  and  the  corresponding  Fokker-Planck  equation  were  deve¬ 
loped  such  that  it  was  possible  to  vary  the  parameters  of  the 
models  (equations)  to  determine  the  error  distributions  for  each 
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of  the  required  operational  procedures.  The  normal  operating 
zones  (the  area  containing  68%  or  95%  of  the  aircraft  opera¬ 
tions)  were  then  computed  directly  from  the  lateral  error  dis¬ 
tributions  and  are  also  discussed  in  Section  2.5.  Vertical 
and  longitudinal  probability  density  functions  were  also  obtained 
as  discussed  in  Section  2.5. 

The  probability  of  collision  for  the  various 
operational  procedures  and  runway  configurations  were  determined. 
The  definition  of  these  collision  probabilities  and  the  methods 
of  obtaining  them  are  described  in  Section  2.6. 

The  effect  of  those  aircraft  that  deviate  beyond 
the  NOZ  (blunders)  were  then  investigated.  The  determination 
of  the  recovery  airspace  required  for  various  blunder  situations 
was  accomplished  using  a  deterministic  approach.  The  determina¬ 
tion  of  these  recovery  areas  is  described  in  Section  2.7. 

The  systematic  combination  of  the  results  of  the 
methodology  described  in  Sections  2.1  through  2.7  yields  ihe 
information  necessary  for  determining  minimum  runway  spacings 
and  for  measuring  the  relative  safety  for  a  given  spacing  for 
the  various  operational  procedures  and  runway  configurations. 

The  procedure  for  determining  the  minimum  runway  spacing  is  dis¬ 
cussed  in  Volume  I,  Section  4. 
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SECTION  2.1 

SYSTEM  MODEL  DEVELOPMENT 


« 
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After  a  thorough  examination  of  the  problem  defini¬ 
tion,  discussed  in  Section  1.1,  the  method  of  solution, 
discussed  in  Section  2,  was  formulated.  The  first  major  effort 
involved  in  accomplishing  the  method  of  solution  is  the  develop¬ 
ment  of  mathematical  models  which  describe  the  required  approach 
systems.  To  aid  in  model  development  and  verification  tasks, 
a  comprehensive  literature  survey  was  conducted,  resulting  in 
the  models  described  in  this  section.  The  approach  systems 
investigated  and  modeled  in  this  study  are  described  in  Table 
2.1-1.  The  development  of  mathematical  models  which  describe 
these  approach  systems  is  discussed  in  the  sections  which  follow. 

Due  to  similarities  in  these  approach  systems,  a 
nominal  system  model  is  developed  which  represents  all  of  the 
above  approach  systems.  The  nominal  model  equations  and  certain 
model  parameter  values  are  representative  of  all  of  the  above 
approach  systems;  however,  some  model  parameters  are  specific 
to  each  approach  system.  The  nominal  model  is  defined  as  a 
front  course,  instrument  landing  system,  Category  I  and  category 
II  combination,  conventional  take  off  and  landing  aircraft  and 
runway  (FC-ILS-INOM-CTOL) . 

faction  2.1.1  establishes  the  operational  concepts 
for  the  system  mooals.  A  detailed  description  of  the  nominal 
model  development  is  contained  in  Section  2.1.2.  Various 
required  expansions  of  the  nominal  model  to  encompass  the  oper¬ 
ational  concepts  are  discussed  in  Section  2.1.3.  Section  2.1.4 
contains  an  error  definition  discussion  for  the  various 
approach  systems.  Section  2.1.5  discusses  the  model  state 
equatiox.  derivation  for  use  in  the  Fokker-Planck  analysis. 
Verification  of  the  nominal  system  model  is  discussed  in  Sec¬ 
tion  2.4. 


2.1.1  MODEL  CONCEPT  DEFINITION 

Before  a  reasonable  system  model  can  be  developed, 
it  is  necessary  to  plan  all  required  phases  of  the  analysis  and 
relate  the  model  to  each  phase  by  predetermining  how  the  model 
will  be  utilized.  It  is  also  necessary  to  establish  a  set  of 
ground  rules  and  assumptions  to  serve  as  a  guideline  throughout 
model  development  and  subsequent  model  usage.  Additionally,  it 
is  necessary  to  define  the  general  model  structure  by  identify¬ 
ing  the  major  components  and  their  corresponding  interconnections. 
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Table  2.1-1  Approach  Systems 


Primary  Runway  Approach  Guidance 


Designation  User  Class  Type  System 


- - - 

FC-ILS-I-CTOL 

CTOL 

Category  I 

CTOL 

Front  Course,  ILS 
Category  I 

FC-ILS-II-CTOL 

CTOL 

Category  II 

CTOL 

Front  Course,  ILS, 
Category  II 

BC-ILS-I-CTOL 

CTOL 

Category  I 

CTOL 

Back  Course,  ILS, 
Category  I 

VOR-CTOL 

CTOL 

Category  I 

CTOL 

VOR  (tracking  inbound 
to  a  station  within 
the  airport  boundary) 

FC-ILS-I-STOL 

STOL 

Category  I 

STOL 

_ 

Front  Course,  ILS, 
Category  I 

i 


The  purpose  of  this  section  is  to  accomplish  these  objectives. 

The  basic  model  concepts  are  derived  by  considering 
all  factors  which  affect  an  aircraft's  lateral  deviation  from  a 
runway  localizer  beam.  Consideration  of  these  factors  results 
in  the  model  structure  shown  in  Figure  2. 1.1-1.  The  major 
components  contained  in  the  model  structure  are  the  aircraft, 
pilot,  course  deviation  indicator  and  ground  controller.  The 
component  interconnections  are  also  shown  in  Figure  2. 1.1-1. 

Runway  lateral  separation  requirements,  as  defined 
in  this  study,  are  based  upon  the  assumptions  that  (1)  the 
approach  system' s  lateral  and  vertical  tracking  dynamics  are 
independent  and  (2)  the  aircraft  is  to  remain  in  the  glideslope 
plane  except  when  executing  a  missed  approach.  These  assump¬ 
tions  allow  the  results  obtained  from  this  study  to  reflect  the 
"worst  case"  possibility.  Based  upon  these  assumptions  the 
system  model  simulates  lateral  control  only. 

After  a  thorough  investigation  of  the  objectives 
of  this  study,  the  model's  operational  concepts  were  established. 
The  expanded  system  models  (Section  2.1.3)  are  capable  of  IFR 
operations  for  CTOL  or  STOL  aircraft  operating  on  CTOL  or  STOL 
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Figure  2. 1.1-1  General  System  Model 

runways  with  either  an  ILS  (Category  I  or  Category  II)  or  VOR 
approach  guidance  system.  The  expanded  models  can  simulate 
arrivals  or  departures  and  independent  or  dependent 
operations  on  single  or  multiple  (parallel  or  skewed)  runway 
configurations.  They  can  simulate  both  straight-in  approach 
paths  and  general  curved  three-dimensional  approach  paths,  and 
have  the  capability  of  simulating  missed  approaches. 

The  approach  system  model  is  used  in  the  generation 
of  supporting  data  which  will  be  used  in  the  determination  of 
the  minimum  lateral  runway  separation  criteria.  The  state 
equations  derived  from  the  model  are  utilized  in  the  Fokker- 
Planck  analysis  which  generates  probability  density  functions 
which  in  turn  are  used  in  the  probability  of  collision  analysis. 
The  system  model  is  also  utilized  in  the  blunder  analysis,  which 
defines  lateral  recovery  airspace  requirements  for  various 
blunder  conditions. 

The  expanded  models  may  be  used  as  analysis  tools 
to  study  approach  systems.  Certain  terminal  system  parameters 
and/or  system  errors  may  be  varied  and  the  effects  on  the  tota 
system  response  observed.  The  models  may  be  used  in  the  pre¬ 
diction  of  distribution  data  for  systems  in  whicn  no  measured 
field  data  exists.  Certain  system  characteristics  which  are 
difficult  to  observe  in  the  actual  approach  system  (such  as 
multiple  aircraft  relative  velocities  and  locations,  aircraft 
bank  angle  and  heading  angle,  curved  path  characteristics, 
etc.)  may  be  obtained  easily  from  these  expanded  system  mooels. 
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2.1.2  NOMINAL  MODEL 

2 . 1 . 2 . 1  Introduction 

The  purpose  of  the  nominal  model  is  to  simulate  a 
composite  set  of  CTOL  aircraft  flying  the  final  leg  of  a  front 
course  ILS  approach  under  IPR  conditions.  The  model  is  also 
used  to  develop  and  check  the  state  equations  used  in  the 
Fokker-Planck  analysis  and  to  establish  a  data  base  to  which 
more  complex  models  may  be  compared. 

To  determine  the  requirements  of  the  nominal  model , 
an  analysis  of  the  various  components  included  in  an  ILS 
approach,  was  undertaken.  The  various  subsystems  identified  were 
then  studied  to  allow  development  of  simple  yet  accurate  mathe¬ 
matical  models  of  the  subsystem  response.  For  each  subsystem 
various  basic  assumptions  were  used  to  determine  the  modeling 
requirements . 

Three  versions  of  the  nominal  model  were  developed 
for  use  in  the  various  analyses  required.  The  first  and  pri¬ 
mary  model  is  a  .nonlinear  simulation  with  a  time  delay  in  the 
pilot  model;  the  second  is  a  nonlinear  model  with  a  simulaced 
time  delay;  and,  the  third  is  a  linear  model.  Each  model  was 
developed  with  a  slightly  different  set  of  simplifying  assump¬ 
tions  and  will  be  discussed  in  later  sections. 


2. 1.2. 2  Approach 

The  development  of  all  three  versions  of  the  nominal 
model  was  based  on  the  general  block  diagram  of  the  system  pre¬ 
sented  in  Section  2.1.1  (Figure  2. 1.1-1). 

These  models  are  necessary  to  satisfy  the  various 
requirements  of  the^problem  definition  (Section  1.1).  The 
nonlinear,  pure  delcty  model  is  the  most  accurate  simulation  and 
establishes  a  data  base  to  which  following  models  may  be  com¬ 
pared.  The  nonlinear,  simulated  delay  and  linear  models  are 
required  to  determine  the  state  equations  to  be  used  by  the 
Fokker-Planck  analy s is . 


List  of  Symbols 

All  symbols  used  in  the  various  models,  their  units, 
and  a  brief  description  of  each  are  listed  in  Table  2. 1.2-1. 

The  dot  notation  over  a  variable  indicates  the  time  derivative 
of  that  variable.  A  zero  subscript  indicates  the  initial  con¬ 
dition. 


2-8 


Symbol 


Units 


Description 


aa 

1/sec 

Inverse  of  the  aircraft  bank 
rate  to  aileron  response 
time  constant 

ap^ 

%j 

1 

aP3 ; 

•>A 

a 

N 

Coefficients  used  in  the 
simulated  pilot/control  delay 

a* 

1/sec 

Inverse  of  the  pilot  lead  time 
constant  on  bank  angle  feedback 

Ka 

l/sec^ 

Aircraft  bank  rate  to  aileron 
response  gain  multiplied  by  aa 

kp 

rad/rad 

Pilot  gain  on  simulated  delay 

K  (angular) 
e 

rad/rad 

Pilot  tracking  gain  on  the 
angular  localizer  error 

K'  (displacement) 
be 

rad/ft 

Pilot  tracking  gain  on  the 
displacement  error  from  the 
localizer  beam 

% 

K* 

sec 

rad/rad 

Pilot  gain  on  the  bank  angle 
divided  by  a<j> 

Pilot  gain  on  heading  angle 
feedback 

e 

rad/rad 

Pilot  gain  on  heading  angle 
error 

L 

ft 

-X  coordinate  of  the  lateral 
guidance  transmitting 
antenna 

LONG^ j 

ft 

Ground  range  longitudinal 
separation  of  A/Ci  and  A/Cj 

nr 

rad 

Lateral  guidance  equipment 
receiver  noise 

Table  2.'  2-1  List  of  Symbols  (Continued) 


Symbol 

Units 

Description 

nt 

rad 

Lateral  guidance  equipment 
transmitter  noise 

Ntr 

rad/sec 

Curved  path  turn  rate  error 

Ny, 

ft 

Pilot  lateral  tracking 
error  (base  leg) 

Ne 

rad 

Pilot  localizer  track  .ng 
error  (final  leg) 

N* 

rad 

Pilot  bank  angle  error 

\ 

rad 

Pilot  heading  angle  error 

Rturn 

ft 

Range  from  way  point  at 
which  the  turn  will  be 
commenced 

SKEW 

deg 

Runway  2  skew  angle  from 

Runway  1 

rp 

turn 

sec 

Time  required  to  execute 
the  turn 

V 

ft/sec 

Aircraft  airspeed 

V  \ 

VY ' 

vz*  ) 

ft/sec 

Aircraft  velocity  along  the 
glides lope  coordinate  system 

XWPP 

n.  mi. 

Slant  range  from  touchdown 
to  the  base  leg/final  leg 
intersection  (way  point) 

•II 

ft 

Aircraft  body  centered 
coordinate  system 

ji 

ft 

Runway  coordinate  system 

ft 

Glideslope  coordinate 
system 

cdG 


Symbol 


*tum 


c 

ip 

e 


^LIM 

i 

tr 


Table  2. 1.2-1  List  of  Symbols  (Continued) 


Units 

Description 

rad 

Commanded  bank  angle  while 
in  the  curved  path 

rad 

Heading,  pitch  and  bank  angles 
of  the  aircraft  attitude  in 
the  glideslope  axis  system, 
respectively 

rad 

Heading,  pitch  and  bank  rates 
in  the  glideslope  system 
respectively 

rad 

Commanded  heading  angle 

rad 

Heading  error  defined  in 
glideslope  axis  system 

rad/sec 

Turn  rate  limit 

! 

rad 

Reference  heading  angle  in 
the  glideslope  axis  system 
(zero  error  condition) 

rad/sec 

Curved  path  turn  rate 

Several  assumptions  were  used  to  determine  the 
configuration  of  the  various  models;  some  assumptions  are  common 
to  all  models,  some  apply  only  to  a  specific  model. 

Assumptions  common  to  all  models  include: 

1)  the  system's  lateral  and  vertical  tracking 
dynamics  are  independent,  and 

2)  the  aircraft  remains  in  the  glideslope 
plane  except  when  executing  a  missed 
approach. 

These  assumptions  result  in  a  study  reflecting  the  "worst  case", 
possibility.  Thus,  the  system  models  simulate  lateral  control 
only. 

The  aircraft  will  be  assumed  to  perform  coordinated 
turns  in  the  glideslope  plane  in  order  to  nullify  any  lateral 
displacement  error.  This  assumption  simplifies  the  aircraft 
dynamics  equations.  Further  assumptions  pertaining  to  the 
aircraft  dynamics  equations  are  discussed  in  Appendix  A. 

Assumptions  particular  to  each  model  will  be  pre-  1 
sented  as  required  in  the  model  development. 


Coordinate  Systems 

Three  coordinate  systems  are  used  in  the  models. 
These  systems  are  a  runway  system,  a  glideslope  system  and  an 
aircraft  body  centered  system.  The  three,  systems  and  their 
relationships  to  one  another  are  shown  in  Figure  2. 1.2-1. 


Z' 


Figure  2. 1.2-1  Coordinate  Systems 
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The  runway  system  is  identified  by  the  X,  Y,  Z  axes. 

The  axes  have  their  origin  at  the  touchdown  point  for  approaches 
and  the  liftoff  point  for . departures.  The  touchdown  point  for 
an  approach  is  defined  as  the  point  on  the  runway  at  which  an 
aircraft  on  an  ideal  track  would  first  touch  the  runway  (i.e.  , 

for  FC-ILS  it  would  be  the  glideslope  intercept  point).  ,For  a 
departure , the  liftoff  point  is  defined  as  the  point  an  aircraft 
would  lift  off  the  runway  for  an  ideal  departure.  The  X  axis 
is  defined  positive  out  along  the  runway  centerline,  the  Z  axis 
is  positive  up  along  the  earth's  gravitational  vector,  and  the  ^ 

Y  axis  completes  the  right-handed  system. 

The  glideslope  system1 is  identified  by  the  X',  Y', 

Z"  axes.  The  axes  also  have  their  origin  at  the  touchdown  or 

liftoff  point.  The  X'  axis  is  defined  positive  out  along  an  * 

idea,l  track.  For  a  FC-ILS  approach,  the  X'  axis  is  defined 

as  being  along  the  intersection  of,  the  ILS  localizer  and  ■ 

glideslope  beams.  For  a  FC-ILS  departure  the  X'  axis  is  defined 

similarly,  assuming  a  glideslope  equivalent  beam  exists  with 

its  intercept  point  coincident  with  the  liftoff  point  and 

extending  along  the.  departure  path.  The  Y'  axis  is  coincident 

with  the  -Y'axis,  and  the  Z'  axis  completes  the  right-handed 

System. 

The  body  centered  system  is  identified  by  the  x,  , 

y,  z  axes  and  has  its  origin  at  the  aircraft  center-of -gravity . 

Tjhe  x  axis  is  defined  positive  forward  along  the  aircraft 
fuselage:  centerline,  the  y  axis  is  positive  out  along  the  star¬ 
board  wing,  and  the  z  axis  completes  the  right-handed  system. 

Course  Deviation  Indicator  (CPI)  Model 

Two  techniques  for  simulating  the  CDI  were  developed. 

The  CDI  model  in  /the  nonlinear  systems  computes  the  angular 
error  measured  from  the  localizer  beam  in  the  glideslope  plane, 
while  in  the  linear  system  it  computes  the  displacement  error 
from  the' localizer  beam. 

The  CDI  angular  simulator  is  an  arctangent  operator  , 

and  is  shown  in  Figure  2. 1.2-2.  Since  the  runway  centerline 
is  coincident  with  the  X'  axis,  the  Y'  coordinate  of  the  air¬ 
craft  position  is  the  lateral  displacement  error.  The  angular 
CDI  simulator  relates;  the  lateral  displacement  error  magnitude  « 

to  the  displayed  angular  error  as  a  function  of  range  from  the 
lateral  guidance  transmitting  antenna  (X1  +  L) .  L  is  defined 
as  minus  the  X  coordinate  of  the  lateral  guidance  transmitting 
antenna  measured  in,  the  runway  axis  system;  Thus,  a  500  foot 
error  a£  ten  miles  from  the  antenna  displays  less  needle  ' 
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Figure  2. 1.2-2  Course  Deviation  Indicator  Model 

deflection  than  the  same  500  foot  error  would  command  at  two 
miles  from  the  antenna.  This  is  representative  of  the  variable 
sensitivity  found  in  actual  CDI  operation. 

The  arctangent  operator  is  a  nonlinear  function 
and  in  order  to  develop  a  linear  model,  a  displacement  error 
system  was  developed.  In  this  system  the  Y'  coordinate  was 
used  as  the  error  signal.  The  linear  CDI  system  is  not  a 
function  of  range.  Thus,  a  500  foot  error  would  command  the 
same  magnitude  of  deflection  at  ten  miles  from  the  antenna 
as  at  two  miles.  This  is  not  representative  of  actual  con¬ 
ditions,  but  it  is  valid  for  short  range  intervals.  Therefore, 
the  linear  model  can  simulate  the  actual  system  if  it  is 
utilized  for  short  range  segments. 

Pilot  Model 

Selected  feedback  loops  closed  by  the  pilot  for 
the  localizer  displacement  control  task  are  presented  in 
Figure  2. 1.2 -3.  The  pilot  commands  a  bank  angle  to  aileron 
inner  loop  based  on  his  perception  of  heading  error  in  a 
secondary  loop.  The  heading  error  is  based  on  a  heading 
reference  established  by  his  perception  of  localizer  deviation 
(References  1  and  4)*.  The  bank  angle  is  the  pilot's  primary 
controlling  parameter. 

Two  pilot  models  were  developed  for  use  in  the 
models.  The  most  accurate  model  is  based  on  the  pilot  model 
from  Reference  1,  and  is  illustrated  in  Figure  2. 1.2-3.  This 
model  approximates  the  pilot  response  by  a  pure  time  delay 
and  a  lead.  The  time  delay  represents  the  pilot/control  delay 
and  the  lead  simulates  the  pilot's  anticipatory  ability. 

♦References  are  listed  after  every  major  section  (section  number 
of  two  levels  or  less,  i.e.  1.1,  2.3,  etc.}. 


Tracking  Pilot  Aileron 


Heading  Bank 

Angle  Angle 


% 


p 


Figure  2. 1.2-3  Pilot  Model 


In  order  to  develop  a  pilot  model  in  a  form  suit¬ 
able  for  use  in  the  Fokker-Planck  analysis,  the  pilot/control 
time  delay  was  replaced  by  a  simulated  time  delay  as  deve!  ed 
in  Reference  2.  The  output  of  the  simulated  delay  function  is 
compared  to  that  of  an  actual  delay  for  a  .  J  second  delay 
in  Figure  2.1.2-<*.  The  pure  time  delay  has  the  form: 


Input - 


e“Tps 


►Output 


Time  Delay 


and  the  simulated  delay  has  the  form: 


Input 


■►Output 


Simulated  Time  Delay 


4 


where 


(2. 1.2-1) 


{2. 1.2-2) 

(2. 1.2-3) 
(2. 1.2-4) 

(2. 1.2-5) 


Verification  of  the  simulated  time  delay  a;s  an  approximation 
to  the  actual  delay  is  contained  in  the  results  portion  of 
this  section  (Section  2. 1.2. 3). 


Aircraft  Model 

In  the  determination  of  approach  system  lateral 
distribution  data,  it  is  necessary  to  consider  the  aircraft's 
dominant  lateral  dynamics  only.  Due  to  the  dominant  long  term 
nature  of  the  approach  system  dynamics,  the  aircraft's  short 
term  transient  motion  becomes  negligible;  therefore,  it  is 
assumed  that  the  aircraft's  lateral  dynamics  can  be  simulated 
by  representing  the  aircraft  bank  rate  response  to  aileron 
input  by  a  time  lag  (References  3  and  19)  with  a  limited 
bank  rate,  $LIM,  and  turn  rate,  These  limits  are  imposed 

by  pilot  acceptability  and  passenger  comfort  considerations. 

For  a  given  aileron  input  the  aircraft  bank  rate  will  achieve 
63%  of  its  steady-state  value  in  l/aa  seconds.  A  ban)  angle 
limit,  is  imposed  by  the  turning  rate  limit  as  follows: 

$Lim  =  tan"1 

\  32.2/  (2. 1.2-6) 


The  pilot  is  assumed  to  cause  the  aircraft  to  per¬ 
form  level  coordinated  turns  in  the  glideslope  plane  to  nullify 
lateral  deviation  errors  (Reference  4).  This  assumption  is 
utilized  in  the  derivation  of  the  aircraft  equations  of  motion 
shown  in  Figure  2. 1.2-5.  The  derivation  and  associated  assump¬ 
tions  are  presented  in  Appendix  A.  The  aircraft  equations  of 
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AIRCRAFT  DYNAMICS: 


Input  - 

$  =  f(t) 

radians 

Initial  Conditions  - 

K’yo'Zq 

ft 

V 

ft/sec 

dO'  to  ' 

radians 

Equations  of  Motion  - 

•  32.2  tan 

=  - 

V 

1 

6  =  0 

*  -  'J'o  +  fi  dt 

o  =  e0 


Vx'  =  V  COS0O  COSlJ> 
Vy'  =  V  cos0o  sini{» 
Vz'  =  -V  sin0o 


X’  = 

K 

+ 

« 

IV 

dt 

Y*  = 

*o 

+  J 

fv 

dt 

Z'  = 

*o 

+ 

f 

fv 

dt 

Figure  2.1.? -5  Aircraft  Model 


motion  describe  the  heading  and  location  of  the  aircraft  as  a 
function  of  bank  angle  and  time. 

The  definition  of  the  Euler  angles  for  aircraft 
flying  straight  down  the  runway  centerline  and  in  the  glideslope 
plane  are  listed  below. 


While  flying  an  ILS  approach,  the  pilot  sees  an 
error  displayed  on  the  CDI.  After  some  nominal  physiological 
delay  he  uses  the  magnitude  and  direction  of  the  error  to 
command  an  aileron  deflection  which  causes  the  aircraft  to 
bank,  resulting  in  a  heading  change  (References  1  and  4) .  The 
new  heading  tends  to  reduce  the  error  and  the  CDI  indicates 
a  smaller  error. 

The  CDI,  pilot,  and  aircraft  models  are  connected 
and  related  in  a  manner  which  accurately  simulates  the  actual 
system.  The  CDI  model  computes  the  error  from  the  ILS  center- 
line  which  is  input  to  the  pilot  model.  Also  input  into  the 
pilot  model  are  the  heading  and  the  bank  angle  of  the  aircraft. 
The  pilot  model  simulates  the  pilot's  anticipation  of  the  air¬ 
craft  heading  and  bank  angle  change  and  then  commands  some 
aileron  deflection.  The  aileron  deflection  is  then  used  to 
determine  the  aircraft  bank  rate  and  heading  change.  The  air¬ 
craft  attitude  and  direction  are  used  to  compute  the  updated 
position  and  the  CDI  takes  the  information  and  generates  a  new 
error  for  the  pilot  model. 

Inherent  in  every  physical  system  of  this  type  are 
several  error  sources  (or  noise  sources).  The  types  of  errors 
which  primarily  affect  the  lateral  approach  system  dynamics 
are  the  associated  lateral  guidance  equipment  transmitting 
(NT)  and  receiving  (NR)  errors  as  well  as  pilot  errors.  Pilot 
error  sources  are  assumed  to  occur  at  each  input  (References  1 
and  5)  to  the  pilot,  bank  angle  ($),  heading  angle  (i{0  ,  and 
localizer  tracking  error  (ee) ;  therefore,  the  corresponding 
pilot  errors  are  noted  as  ,  N^,  and  Ne.  Included  in  these 
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pilot  error  terms  are  such  things  as  pilot  attitude,  indicator 
equipment  accuracy  and  any  other  contributors  which  affect 
the  pilot's  ability  or  desire  to  react  to  actual  conditions. 
Since  the  bank  angle  is  the  pilot's  primary  controlling  para¬ 
meter,  pilot  attitude  errors  are  primarily  included  in  N^. 

Three  implementations  of  the  total  system  are 
illustrated  in  the  detailed  block  diagrams  of  Figures  2. 1.2-6 
through  2. 1.2-8.  These  diagrams  contain  all  gains,  lags, 
delays,  and  feedback  loops  necessary  to  simulate  the  total 
system.  The  nonlinear  version,  Figure  2. 1.2-6,  is  the  pri¬ 
mary  and  most  accurate  model;  however,  all  three  versions 
of  the  nominal  model  are  ,ralid  for  all  aircraft  types  and 
for  ILS  or  VOR  approach  systems.  The  nonlinear  model  was 
linearized  by  replacing  the  angular  error  indicator  with 
a  pure  displacement  function.  The  gains  are  adjusted  so  that 
the  linear  model  generates  an  error  signal  response  approxi¬ 
mate  to  that  of  the  nonlinear  model  at  a  particular  range. 


Kge  (displacement)  =  K 


e  (angular) 
X'+L 


(2. 1.2-7) 


For  this  reason  the  linear  model  can  accurately  simulate  the 
actual  system  if  it  is  utilized  for  short  range  segments. 

The  heading  angle  (40  and  the  bank  angle  (<j>)  are  assumed  to 
be  small  (<  25°)  so  that  small  angle  approximations  are  valid. 
The  linear  system  response  has  been  compared  to  the  nonlinear 
system  response  to  verify  that  the  linearization  assumptions 
did  not  introduce  significant  errors  (Section  2. 1.2. 3  and 
Section  2.2). 

2 . 1 . 2 . 3  Nominal  Model  Results 

The  nominal  model  (Figure  2. 1.2-6)  has  been  pro¬ 
grammed  in  a  FORTRAN  IV  language  computer  routine  for  ease 
of  use  in  the  various  analyses.  A  flow  chart  and  source 
listing  for  this  model  is  included  in  the  User's  Manual. 

The  nominal  model  parameter  symbols,  values,  units, 
references,  and  pertinent  comments  are  listed  in  Table  2. 1.2-2. 
Unless  otherwise  denoted  the  parameters  are  valid  for  all 
three  versions  (Figures  2. 1.2-6,  7,  8)  of  the  nominal  model. 

Each  loop  in  the  nominal  model  has  been  verified  by 
comparison  of  the  simulated  response  to  the  expected  response 
for  the  parameter  values  listed  in  Table  2. 1.2-2  with  the 
exception  of  xp  and  K£  .  For  verification  purposes  the  time 
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Table  2. 1.2-2  Nominal  Model  Parameter  Values 


Symbol  J  Value 


Units  Reference 


Comments 


-.35 


.007 


CTOL  aircraft 


Simulated  delay  models 
(Equation  2. 1.2-2) 

Simulated  delay  models 
(Equation  2. 1.2-3) 

Simulated  delay  models 
(Equation  2. 1.2-4) 

Simulated  delay  models 
(Equation  2. 1.2-5) 

Simulated  delay  models 
(Equation  2. 1.2-1) 


1.33 


Assumed 

Simulated  delay  models 

Nonlinear  models,  deter¬ 
mined  in  Section  2.4.3 


.000075  at  rad 
9  N.  Mi  to  ft 
.000354  at 
.75  N.  Mi.  , 


Linear  model 
(Equation  2. 1.2-7) 


9000, 


feet 


FC-ILS  Approach 


Table  2. 1.2-2  Nominal  Model  Parameter  Values  (Continued) 


Symbol 

Value 

Units 

nr  . 

+  .00048 

t 

rad 

nt 

+  .001497 

rad 

Ne 

+  .00349 

! 

rad 

*♦ 

+  .1047  at 

9  N.  Mi. 

+  .0436  at 

0  N.  Mi. 

rad 

N* 

+  .01745 

rad 

V 

236.4 

* 

ft/sec 

Y 

2.5 

.  deg 

9o 

0. 

rad 

TP 

.7 

sec 

$LIM 

.367 

rad 

,  • 

*LIK 

.1745 

rad/sec 

^LIM 

.0524 

rad/sec 

I 

3.1416 

; 

rad 

Reference 


6,  7 


Comments 


la  value,  determined 
in  Section  2.1.4 
(ILSr)  ‘ 

*  •# 

la  value,  determined 
in  Section  2.1.4 
(ILSt  for  Category  1/ 
Category  II  Combina¬ 
tion) 

lo  value,  determined 
in  Section  2.1.4 

la  value,  determined 
in  Section  2.4.3 
(Varies  linearily 
with  range) 

la  value,  determined 
in  Section  2.1.4 

Assumed  (140  knots 
for  CTOL  aircraft) 

CTOL  runway 

Assumed 

Assumed 

Equation  2. 1.2-6 
Assumed  (10  deg/sec) 
Assumed  (3  deg/sec) 
Approach 
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responses  of  each  loop  were  determined  using  a  pilot/control 
delay  of  xp  =  0.3  seconds  (instead  of  „ 7  seconds)  and  a  pilot 
tracking  gain  on  the  localizer  error  of  K£e  =  164.5  (instead  ■ 
of  4.8)  since  the  references  utilized  for  comparison  assumed  ■ 
these  values.  The  nominal  model  simplification's  (simulated 
delay  and  linearization)  are  also  verified  by  observing  the 
time  responses  discussed  below. 

Figure  2. 1,2-9  illustrates  the  response  of  the 
bank  angle  to  a  commanded  bank  angle  (for  a  pilot/control  delay 
of  0.3  seconds)  for  both  an  actual  pilot/control  time  delay 
and  a  simulated  delay.  Note  that  a  good  comparison  exists 
between  the  two  curves;  therefore,  the  simulated  delay1  is 
a  good  approximation  to  the  actual  delay.  The  .3  second 
delay  can  be  seen  on  the  curves  as  well  as  the  1  .second  CTOL 
bank  rate  to  aileron  response  time  constant  as  expected. 

Figure  2.1.2-10  shows  the  heading  angle  response 
to  a  commanded  heading  angle.  Note  that  the  heading  time 
constant  appears  to  be  about  6  seconds  which  compares  favor¬ 
ably  to  the  data  in  Reference  4,  which  gives  a  6  second  time 
constant  for  a  similar  aircraft. 

Figure  2.1.2-11  shows  the  lateral  deviation  responses 
for  an  initial  lateral  deviation  of  500  feet  at  a  range  Of  15 
nautical  miles  for  the  nominal  system  model  (Figure  2. 1.2-6), 
the  nonlinear,  simulated  delay  nominal  model  (Figure  2. 1.2-7), 
and  the  linear,  simulated  delay  nominal  model  (Figure  2. 1.2-8)., 
Note  that  the  time  responses  for  all  three  models  compare 
very  closely;  therefore,  the  linearization  assumptions  and  the 
simulated  delay  approximations  are  verified.  Further  verifica¬ 
tion  of  these  model  simplifications  for  a  statistical'  response 
is  contained  in  Section  2.2.  Note  that  this  response  appears 
to  have  a  damping  rdtio  of  about  0.3  which  agrees  with  data 
given  in  Reference  1  for  a  similar  system. 

A  complete  verification  of  the  nominal  model  is  . 
contained  in  Section  2.4. 


& 
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2.1.3 


EXPANDED  MODELS 


The  nominal  model  described  in  Section  2.1.2  has 
been  expanded  to  encompass  the  specific  operational  concepts 
defined  in  Section  2.1.1.  The  model  expansion  task  may  be 
broken  into  two  parts:  . 

1.  Approach  System  Models  (Section  2. 1.3.1) 

2.  Curved  Path  and  Multiple  Aircraft/Runway 
Models  (Section  2. 1.3. 2) 
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Figure  2.1.2-10  Aircraft  Heading  Angle  Response 
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The  approach  system  models  are  based  on  the  systems  listed  in 
Table  2.1-1  and  are  developed  for  use  in  the  generation  of 
probability  density  functions  which  are  used  in  the  probability 
of  collision  analysis.  The  curved  path  model  and  multiple 
aircraft/runway  model  are  developed  for  use  as  approach  system 
analysis  tools. 

2. 1.3.1  Approach  System  Models 

The  specific  approach  systems  modeled  in  this 
study  from  Table  2.1-1  are  as  follows: 

1.  FC-ILS-I-CTOL 

2.  FC-ILS-II-CTOL 

3.  BC-ILS-I-CTOL 

4 .  VOR-CTOL 

5.  FC-ILS-I-STOL 

Due  to  similarities  in  the  above  approach  systems,  the  nominal 
model  block  diagrams  developed  in  Section  2.1.2  (Figures  2. 1.2-6, 
7,  and  8)  are  valid  for  all  of  these  systems.  The  nominal 
model  equations  and  certain  model  parameter  values  are  repre¬ 
sentative  of  all  of  the  above  approach  systems;  however,  some 
model  parameter  values  are  specific  to  each  approach  system 
and  thus  distinguish  the  different  approach  system  models  from 
one  another. 

An  analysis  of  each  particular  item  necessary  to 
model  the  specified  approach  systems  resulted  in  the  model 
parameter  values  shown  in  Table  2.1. 3-1.  The  model  para¬ 
meter  values  for  each  specific  approach  system  are  determined 
from  Table  2.1. 3-1  and  by  fitting  models  to  measured  distribu¬ 
tion  data  (from  Section  2.3)  for  each  approach  system,  as 
discussed  in  Section  2.5. 

A  brief  description  of  each  of  the  approach  systems 
is  contained  below. 

FC-ILS-I-CTOL  (Front  Course  -  Instrument  Landing  System  - 
Category  I  -  Conventional  Take  Off  and  Landing) 

In  this  system  a  ground-based  transmitter  generates 
a  set  of  beams  in  such  a  manner  that  the  airborne  receiver 
can  determine,  and  indicate  to  the  pilot,  the  position  of 
the  aircraft  with  respect  to  the  extended  runway  centerline 
and  an  optimum  glideslope.  Under  the  stated  assumptions  it 
is  not  necessary  to  consider  the  glideslope  guidance;  therefore, 
the  remaining  discussion  will  be  limited  to  the  localizer. 

The  optimum  track  of  the  aircraft  is  precisely  along  the 
extended  runway  centerline  (localizer).  However,  due  to  various 
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Table  2. 1.3-1  Expanded  Model  Parameter  Values 


Item 

E9jnT*!5WI 

Value 

Units 

Comments 

CTOL  Aircraft 

aa 

1 

sec"1 

References  4  and  21 

Ka 

1 

sec"^ 

Assumed 

V 

236.4 

ft/sec 

Assumed  (140  knots) 

♦lim 

.367 

rad 

Equation  2.1. 2-6 

^LIM 

.1745 

rad 

Assumed  (10  deg/sec) 

^LIM 

.0524 

rad 

Assumed  (3  deg/sec) 

STOL  Aircraft 

aa 

.6 

sec-* 

References  20  and  21 

V 

*  a 

1.667 

-2 

sec 

Assumed 

V 

108.1 

ft/sec 

Assumed  (64  knts) 

^LIM 

.1712 

rad 

Equation  2. 1.2-6 

. 

^LIM 

.1745 

rad 

Assumed  (10  deg/sec) 

• 

• 

'f'LlM 

.0524 

rad 

Assumed  (3  deg/sec) 

CTOL  Runway 

Y 

2.5 

deg 

Reference  22 

FC-ILS 

L 

9000 

ft 

Assumed 

BC-ILb 

L 

-1000 

ft 

Assumed 

VOR 

L 

4000 

ft 

Assumed 

STOL  Runway 

Y 

7.5 

deg 

Reference  23 

FC-ILS 

L 

9000 

ft 

Value  is  consis¬ 
tent  with  the  mea- 

1  .  ■!!  II  ■  III  — 

Table  2.1. 3-1  Expanded  Model  Parameter  Values  (Continued) 


Item 

Symbol 

Value 

Units 

Comments 

Pilot 

a„ 

Pi 

.04 

- 

Simulated  delay 
models  (Equation 

2. 1.2-2) 

a 

?2 

-.35 

Simulated  delay 
models  (Equation 

2. 1.2-3) 

^3 

.04 

Simulated  delay 
models  (Equation 

2. 1.2-4) 

aP4 

.35 

• 

Simulated  delay 
models  (Equation 

2. 1.2-5) 

aP5 

.007 

— 

Simulated  delay 
models  (Equation 

2. 1.2-1) 

• 

% 

1.5 

sec”* 

Reference  1 

1.0 

- 

Simulated  delay 
models 

% 

Determined  in 

Section  2.5  by 
fitting  measured 
di stribution  data 
(Nonlinear  models) 

K^e 

- 

rad 

ft 

Equation  2.1. 2-7 
(Linear  model) 

1.33 

sec 

Reference  1 

% 

1.9 

Reference  1 
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Table  2.1. 3-1  Expanded  Model  Parameter  Values  (Continued ) 


Item 

Symbol 

Value 

Units 

Comments 

K, 

*e 

1.0 

- 

Reference  1 

> 

Ne 

.00:49 

rad 

Determined  in 
Section  2.1.4 
(lo  value) 

rad 

Determined  in 
Section  2.5  by 
fitting  measured 
distribution  data 
(la  value) 

+.01745 

rad 

Determined  in 
Section  2.1.4 
(la  value) 

Lateral  Guid¬ 
ance  Equipment 

TP 

.7 

sec 

Assumed 

ILS-I 

Nr 

+.00048 

rad 

Determined  in 
Section  2.1.4 
(la  value) 

nt 

+.001745 

rad 

Determined  in 
Section  2.1.4 
(la  value) 

ILS-II 

nr 

+.00048 

rad 

Determined  in 
Section  2.1.4 
(la  value) 

nt 

+.001249 

rad 

Determined  in 
Section  2.1.4 
(la  value) 

VOR 

Nr 

+  .02155 

rad 

Determined  in 
Section  2.1.4 
(la  value) 

Table  2.1. 3-1  Expanded  Model  Parameter  Values  (Continued) 


Item 

VOF  (Cont'd) 


Symbol  Value 
N  +.0218 


Units  Comments 

rad  Determined  from 

Section  2.1.4 
(lo  value) 


random  error  sources,  this  optimum  track  is  seldom  achieved. 
Changes  in  the  position  of  the  aircraft  with  respect  to  the 
localizer  are  presented  to  the  pilot  via  the  CDI  or  Flight 
Director  (FD) .  The  pilot,  observing  the  CDI,  commands  an 
aileron  deflection.  The  command  causes  the  aircraft  to  move 
laterally  in  a  coordinated  turn.  The  basic  system  components 
(CDI,  pilot,  aircraft  and  monitoring  controller)  and  their 
interconnections  are  illustrated  in  Figure  2. 1.1-1. 

FC-ILS-II-CTOL  (Front  Course  -  Instrument  Landing  System  - 
Category  II  -  Conventional  Take  Off  and  Landing) 

This  system  is  essentially  the  same  as  the  cate¬ 
gory  I  system  previously  described.  However,  in  this  system 
the  calibration  and  degree  of  allowable  drift  of  the  localizer 
are  held  within  tighter  bounds  as  discussed  in  Section  2.1.4. 

BC-ILS-I-CTOL  (Back  Course  -  Instrument  Landing  System  - 
Category  I  -  Conventional  Take  Off  and  Landing) 

The  back  course  ILS  localizer  beam  is  generated 
by  the  same  ground  equipment  as  the  front  course;  therefore, 
this  system  is  essentially  the  same  as  the  systems  discussed 
above.  However,  on  a  back  course  approach  the  aircraft,  at  a 
given  range  from  touchdown,  is  closer  to  the  localizer  antenna. 
Thus,  the  system  is  more  sensitive  to  guidance  errors. 

VOR  -  CTOL  (VHF  Omnidirectional  Range  -  Conventional  Take 
Off  and  landing) 

This  system  differs  from  the  previously  discussed 
ILS  in  that  the  ground  station  transmits  information  in  such 
a  manner  that  the  receiving  equipment  in  the  aircraft  can 
determine  the  magnetic  bearing  to  (or  from)  the  VOR  station. 
Thus,  if  a  VOR  station  is  located  at  or  near  an  airport, 
this  station  can  be  used  with  appropriate  procedures  to  affect 
landing  during  IFR  weather  conditions.  This  requires  that 
the  aircraft  fly  to  ( or  from)  the  VOR  station  on  a  specified 
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radial  which  is  input  to  the  omnibearing  selector  (OBS) . 

The  deviations  from  the  selected  radial  are  presented  to  the 
pilot  on  the  CDI.  The  remainder  of  the  model  is  as  discussed 
in  the  ILS  above. 

FC-ILS-I-STOL  (Front  Course  -  Instrument  Landing  System  - 
Category  I  -  Short  Take  Off  and  Landing 

This  system  is  similar  to  the  FC-ILS-I-CTOL  except 
that  the  glideslope  is  normally  elevated  to  about  7.5°  versus 
2.5°  for  CTOL  and  the  primary  user  class  is  STOL  aircraft.  , 

Also  the  final  approach  length  is  much  shorter  (2-3  N.  Mi.) 
than  for  CTOL  (5  N.  Mi.  or  greater). 

2 . 1 . 3 . 2  Curved  Path  Model  and  Multiple  Aircraft/Runway  Model  * 

The  curved  path  and  multiple  aircraft/runway  models 
are  developed  for  use  as  analysis  tools  to  study  approach 
systems.  Certain  terminal  system  parameters  and/or  system  errors 
may  be  varied  and  the  effects  on  the  total  system  response 
observed.  The  models  may  be  used  in  the  prediction  of  distri¬ 
bution  data  for  systems  in  which  no  measured  field  data  exists. 
Certain  system  characteristics  which  are  difficult  to  observe 
in  the  actual  approach  system  (such  as  multiple  aircraft  rela¬ 
tive  velocities  and  locations,  aircraft  bank  angle  and  heading 
angle,  curved  path  characteristics,  etc.)  may  be  obtained 
easily  from  these  system  models. 

Curved  Path  Model 

The  nominal  model  of  Section  2.1.2  has  been 
extended  to  include  a  three-dimensional  curved  approach  path. 

This  model  may  be  used  to  study  the  approach  of  aircraft  along 
a  curved  path.  The  curved  path  uses  two  legs  (a  base  and  a 
final)  and  a  commanded  standard-rate  turn  from  base  leg  to 
final  leg  to  simulate  a  curved  approach.  This  model  can  also 
simulate  departures  and  missed  approaches. 

The  curved  path  approach  model  was  developed  by  , 

adding  a  base  leg  and  a  commanded  standard-rate  turn  to  the 
nominal  model.  The  single  base  leg  was  deemed  sufficient  to 
allow  a  complete  study  of  various  curved  approaches.  Lateral 
control  while  the  aircraft  is  on  the  base  leg  is  not  range  1 

dependent;  that  is,  a  displacement  error  rather  than  an 
angular  error  is  used  to  command  aircraft  motion.  The  dis¬ 
placement  error  method  is  more  representative  of  a  controller 
observing  a  radar  display  and  giving  heading  vectors  and  turn 
commands.  The  displacement  error  has  a  constant  sensitivity 
for  all  ranges  whereas  an  ILS  has  a  range  dependent  sensitivity. 
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A  standard-rate  turn  is  normally  used  to  maneuver  the  aircraft 
onto  the  final  leg  of  the  approach.  Figure  2. 1.3-1  illustrates 
the  curved  approach  geometry  and  the  different  error  logic 
used  on  each  approach  leg. 

The  desired  turn  rate  is  an  input  parameter  to 
the  standard-rate  turn  maneuver  and  any  reasonable  rate  may 
be  chosen.  The  bank  angle  which  would  give  the  desired  turn 
rate  is  computed  based  on  the  input  turn  rate  plus  some  random 
turn  rate  error  and  the  aircraft  velocity.  The  range  at 
which  the  turn  is  commenced  is  a  function  of  aircraft  velocity, 
the  angle  through  which  the  aircraft  must  turn,  the  desired  turn 
rate  and  the  pilot/controller  turn  anticipation  time.  The 
range  from  the  intercept  (base  leg/final  leg  intersection)  at 
which  the  turn  is  commanded,  the  time  required  to  execute  the 
turn,  and  the  commanded  bank  angle  are  given  by  the  following 
equations . 

"turn  -  |!  |  +  v  *c 


“•turn 


yturn 


=  -  tan 


-1  !~(»tr  +  Ntr)vl 
32.2  J 


where 


=  angle  which  must  be  turned,  rad 
=  turn  rate,  rad/sec 

=  pilot/controller  turn  anticipation  time,  sec 


turn 


=  time  required  to  execute  the  turn,  sec 


turn 


range  from  intercept  at  which  the  turn  will  be 
commenced,  ft 


4>turn  =  commanded  bank  angle  while  in  the  turn,  rad 


=  aircraft  velocity,  ft/sec 


turn  rate  error,  rad/sec 


The  normal  aircraft/pilot  delays  and  response 
characteristics  described  in  Section  2.3.2  are  in  force 
throughout  the  turn  maneuver.  The  glideslope  of  the  base 
leg  is  assumed  to  be  a  value  such  that  the  curved  path  and 
base  leg  lie  in  the  final  leg  glideslope  plane. 

Departures  are  considered  to  be  controlled  in 
the  same  manner  as  approaches  (discussed  in  Section  2.1.2); 
that  is,  the  pilot  receives  the  same  form  of  lateral  guidance 
information  as  during  an  approach.  Departures  are  therefore 
simulated  the  same  as  approaches  with  the  following  excep¬ 
tions:  the  aircraft  is  initialized  at  a  heading  angle  (if>) 
near  zero,  Psi  reference  (4<R)  is  set  to  zero,  the  value  of 
L  is  set  accordingly,  and  the  glideslope  angle  (y)  is  set 
to  correspond  to  the  rate  of  climb  desired  for  the  departure. 

A  limited  missed  approach  capability  is  within 
the  operational  limits  of  the  curved  path  model.  If  a  missed 
approach  simulation  is  desired,  a  positive  pitch  angle  and 
missed  approach  range  must  be  input.  The  aircraft  will  then 
climb  out  while  flying  down  the  localizer  beam. 

All  control  logic,  coordinate  system,  and  dynamics 
assumptions  made  during  the  development  of  the  nominal  model 
in  Section  2.1.2  are  valid. 

The  curved  path  model  consists  basically  of  three 
separate  models  which  are  valid  in  different  regions  of  the 
curved  approach  geometry  as  illustrated  in  Figure  2.1. 3-2. 

When  the  aircraft  is  operating  in  ti  ;  base  leg  region  of  the 
curved  approach  path,  then  the  base  leg  model  shown  in 
Figure  2. 1.3-3  is  used.  From  the  time  the  aircraft's  range 
to  the  intercept  becomes  equal  to  Rturn  until  Tturn  seconds 
later,  the  turning  model  shown  "n  Figure  2.1. 3-4  is  valid. 

After  the  aircraft  has  completed  the  turn  the  nominal  model 
shown  in  Figure  2.1. 2-6  i  -  valid. 

The  curved  path  system  model  is  capable  of  simulat¬ 
ing  IFR  operations  for  CTOL  or  STOL  aircraft  operating  on  CTOL 
or  STOL  runways  with  either  an  ILS  (Category  I  or  Category  II) 
or  a  VOR  guidance  system.  Arrivals  can  be  simulated  on  either 
straight-in  approach  paths  or  three-dimension  general  curved 
paths.  Departures  and  missed  approaches  may  also  be  simulated, 
but  only  on  straight  paths.  The  curved  path  model  may  be  used 
as  an  analysis  tool  for  studying  curved  approaches,  departures, 
and  missed  approaches. 

The  curved  path  model  has  been  programmed  in  FORTRAN 
IV  and  the  source  listing,  flow  charts,  and  operating  instruc¬ 
tions  are  contained  in  the  User's  Manual. 
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Figure  2.1. 3-4  Turning  System  Model 
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The  parameter  values  for  the  curved  path  model 
may  be  obtained  from  Table  2. 1.3-1  or  assumed. 


Multiple  Aircraft/Runway  Model 

The  multiple  aircraft/runway  model  may  be  used  to 
study  the  effects  of  longitudinal  separation  on  lateral 
safety  requirements  for  parallel/non-parallel,  CTOL/STOL,  and 
independent/dependent  final  approaches  as  veil  as  other 
analyses.  This  model  can  simulate  up  to  four  aircraft  flying 
independent  or  dependent  final  approaches  or  departures  to 
or  from  two  parallel  or  skewed  CTOL  and/or  STOL  runways.  Both 
CTOL  and  STOL  type  aircraft  may  be  simulated  approaching  or 
departing  either  of  the  two  runways. 

In  order  to  study  parallel  and  non-parallel  run¬ 
way  configurations  a  two  runway  model  is  required.  By  using 
two  runways  the  following  configurations  may  be  studied: 
parallel  runways  of  any  lateral  separation  and  threshold  dis¬ 
placement;  non-parallel  runways;  and  CTOL/STOL  or  mixed  opera¬ 
tion  runways.  The  possible  parallel  runway  configurations  are 
indicated  in  Figure  2.1. 3-5.  In  all  discussions  Runway  1  is 
the  primary  runway  and  Runway  2  is  the  secondary  (displaced, 
skewed,  STOL,  etc.)  runway.  Non-parallel  runway  configurations 
are  shown  in  Figure  2. 1.3-6.  Runway  2  may  have  its  centerline 
at  aiiy  angle  within  (and  including)  +  *0°  relative  to  the 
Runway  1  centerline.  All  critical  approach  operations  may  be 
studied  using  only  two  runways. 

Independent  and  dependent  operations  may  be  simu¬ 
lated  using  only  four  aircraft  (two  per  runway)  with  appropri¬ 
ately  selected  velocities  and  approach  path  locations.  The 
influence  of  longitudinal  speed  and  longitudinal  separation 
on  separation  safety  standards  may  thus  be  studied. 

These  assumptions  have  been  used  to  develop  the 
system  model  shown  in  Figure  2. 1.3-7  which  simulates  four 
aircraft  flying  approaches  (or  departures)  to  two  separate 
runways.  The  multiple  aircraft/runway  model  outputs  pertin¬ 
ent  aircraft  parameters  including:  relative  velocities  of 
all  aircraft  in  the  X,  Y,  Z  coordinate  system,  the  relative 
longitudinal  separation  of  all  aircraft  measured  in  ground 
range,  and  the  runway  1  centered  coordinates  of  all  aircraft. 
These  parameters  are  indicated  in  Figure  2. 1.3-8. 

The  multiple  aircraft/runway  model  may  be  used  for 
the  analysis  of  (a)  parallel  arrival  runways,  (b)  runways  used 
for  both  arrival  and  departure  operations,  (c)  multiple  runway 
configurations;  and  includes  longitudinal  separation  and  lat¬ 
eral  deviations  for  (a)  CTOL  and  CTOL/STOL  independent 
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Multiple  Aircraft/Runway  Model 
Possible  Skewed  Runway  Configurations 


Figure  2. 1.3-7  Multiple  Aircraft/Runway  Model  Block  Diagram 
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The  relative  velocities 
of  A/C  3  with  respect  to 
A/C  1  and  A/C  2  and  the 
relative  velocities  of 
A/C  4  with  respect  to 
A/C  1  and  A/C  2  are 
calculated  and  output  in 
the  runway  1  centered 
coordinate  system. 


Figure  2. 1.3-8 


parallel  runway  operations,  (b)  OTOL  and  CTOL/STOL  dependent, 
parallel  operations,  (c)  independent  CTOL/STOL  non-parallel 
runway  configuration  operation*: and  (d)  CTOL/STOL  dependent 
non-parallel  runway  configuration  operations. 

The  multiple  aircraft/runway  model  has  been 
programmed  in  FORTRAN  IV  and  the  source  listing,  flow  charts, 
and  operating  instructions  are  contained  in  the  User's  Manual. 

The  model  parameter  values  for  the  multiple 
aircraft/runway  model  may  be  obtained  from  Table  2.1. 3-1  or 
assumed  by'  the  user. 

2.1.4  ERROR  DEFINITION 

2. 1.4.1  Introduction 

Errors  are  inherent  in  every  electronic  and 
mechanical  system.  These  errors  are,  in  fact,  the  accumulation 
of  errors  from  every  component  related  to  the  entire  system. 

The  error  definitions  presented  in  this  section  will  pertain 
to  the  following  six  systems:  (1)  VHF  Omnidirectional 
Range  Receiving  Equipment  (VORR),  (2)  VHF  Omnidirectional 
.  ange  Transmitting  Equipment  (VORT) ,  (3)  Instrument 
Landing  Systems  Receiving  Equipment  (ILSR) ,  (4)  Instrument 
Landing  Systems  Transmitting  Equipment  (ILST) ,  (5)  Airport 
Surveillance  Radar  Systems  (ASR)  and  (6)  Human  Response  and 
Judgment  Errors  (N^,  N^,  Ne,  Ntr) . 

In  order  to  realistically  predict  actual  events 
b  modeling  and  simulation  techniques,  errors  must  be  included 
in  the  model.  Error  parameters  that  are  to  be  entered  into 
the  model  must  be  well  defined  and  correctly  communicate 
actual  conditions  to  the  model.  The  purpose  of  this  section 
is  to  define  the  errors  in  the  six  major  approach  system 
equipments  above.  Figures  2. 1.2-6,  7,  and  8  illustrate  the 
location  of  the  error  inputs  to  the  nominal  system  models. 

2.1. 4.2  Approach 

When  estimations  of  errors  are  to  be  made,  much 
research  must  be  done  to  define  the  errors  and  determine  the 
reliability  of  the  error  estimations.  The  approach  used  to 
define  the  error  estimations  for  this  system  is  to  obtain 
error  data  from  equipment  specifications  and  error  analyses 
resulting  from  projects  conducted  to  determine  errors  inherent 
in  specific  systems.  The  specific  systems  are  standard  equip¬ 
ment  utilized  by  the  aviation  industry.  All  error  sources 
are  assumed  to  be  white-gaussian  noise  inputs  and  are 
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implemented  in  the  system  model  by  calling  a  gaussian  distri¬ 
buted  random  number  every  integration  step  for  each  error 
source. 

The  following  paragraphs  pertain  to  the  error 
analyses  of  the  six  categories  listed  in  Section  2. 1.4.1. 

VHF  Omnidirectional  Range  Receiving  Equipment  (VOR^) 

Because  of  its  wide  usage  as  a  primary  navigation 
system  in  the  aviation  industry#  many  studies  have  been 
conducted  in  both  laboratory  and  real  environments  to  deter¬ 
mine  the  accuracy  of  the  VORr  equipment.  Studies  made  by 
the  Department  of  Transportation#  Federal  Aviation  Administra¬ 
tion  (References  8,  11,  12),  the  manufacturers  of  VORr 
navigation  equipment  (References  6,  7,  14),  and  by  institutions 
of  learning  and  testing  (References  9#  12,  15)  have  contributed 
to  the  evaluation  of  errors  inherent  in  the  receivers  in  this 
category.  These  errors  are  important  to  this  study  effort 
because  of  their  effect  on  the  total  system  performance. 

References  6  and  7  estimate  the  VORr  error  to  have 
a  1  sigma  deviation  of  +  .25°  in  azimuth,  while  Reference  14 
estimates  the  error  to  be  +  .125°  at  1  sigma  deviation.  Ref¬ 
erence  9  and  12  estimate  the  error  to  be  +  1.25°  au  1  sigma. 
Reference  11  estimates  +  2.25°  and  Reference  8  estimates  + 

2.3°  at  the  1  sigma  deviation.  It  can  be  seen  that  the  receiver 
error  can  be  related  to  the  type  of  analysis  and  equipment 
tested. 


VHF  Omnidirectional  Range  Transmitting  Equipment  (VORrp) 
The  local  geography  of  the  area  has,  in  some 


instances,  limited  the  full  use  of  the  VORT  system.  Per 
turbations  called  course  roughness,  scalloping  and  bends 


create  deviations  such  that  in  some  instances  the  course 


deviations  must  be  averaged  to  maneuver  the  aircraft  on  the 
indicated  course.  Flight  inspection  standards  indicate  that 
the  course  structure  and  alignment  of  radials  shall  be  with 
the  following  limitations:  (a)  the  alignment  of  all  electronic 
radials  will  be  within  2.5°  of  the  current  magnetic  azimuth, 

(b)  momentary  deviations  of  the  course  due  to  roughness  and 
scalloping,  or  combinations  thereof  will  not  exceed  3.0° 
from  the  average  course,  (c)  bends  will  not  exceed  3.5°  from 
the  computed  average  course  alignment  and  must  remain  within 
3.5°  of  the  correct  magnetic  azimuth,  and  (d)  the  effects  of 
any  one  or  a  combination  of  the  three  above  will  not  render 
the  radial  unusable  or  unsafe  (References  9,  10,  11) . 
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The  error  of  the  VOR<r  is  estimated  to  be  +  1.0° 
at  1  sigma  (References  9,  11).  Reference  10  states  that 
frequency  deviations  from  60  Hz  at  the  transmitter  can  cause 
CDI  errors  of  up  to  1.5°  with  certain  receivers. 

Instrument  Landing  System  Receiver  Equipment  (ILSp) 

Instrument  Landing  System  Receivers  are  utilized 
on  fewer  aircraft  than  the  VQRR  equipment,  and  fewer  studies 
have  been  conducted  to  determine  the  errors  inherent  in  the 
ILSR  equipment.  References  6  and  7  were  utilized  to  deter¬ 
mine  the  estimated  error  for  the  ILSR  equipment.  The  errors 
noted  in  the  Collins  51R-7A/8A  are  +  .021°  at  1  sigma  devia¬ 
tion  and  +  .0335°  at  the  1  sigma  deviation  for  the  Collins 
51RV-2B  receivers. 

Instrument  Landing  System  Transmitting  Equipment  (ILS^) 

Instrument  Landing  System  Transmitting  Equipment 
is  maintained  at  all  facilities  regularly  used  by  commercial 
air  services  except  for  those  sites  where,  because  of  traffic, 
climatic,  or  economic  reasons,  safety  would  not  be  affected 
by  the  absence  of  an  ILS-y  system  (Reference  15 ) . 

Little  information  has  been  found  in  the  litera¬ 
ture  concerning  the  error  inherent  in  the  ILST  systems. 
Reference  1  presents  a  typical  localizer  noise  power  spectral 
density  curve  (Figure  2. 1.4-1)  which  supplies  information 
about  the  frequency  content  of  the  localizer  noise. 

Specifications  state  that  the  maximum  allowable 
localizer  deviation  at  the  threshold  point  is  35  feet  for 
Category  I  systems,  and  25  feet  for  Category  II  systems. 

These  numbers  correspond  to  .1°  for  Category  I  systems  and 
.0715°  for  Category  II  systems  fer  a  range  of  10,000  feet 
from  the  localizer  antenna  to  the  threshold  point.  It  is 
assumed  that  the  1  sigma  deviations  are  .1°  for  Category  I 
systems  and  .0715°  for  Category  II  systems.  Reference  15 
also  stated  that  the  maximum  allowable  localizer  deviation 
was  +  .1°  at  1  sigma  deviation. 

Airport  Surveillance  Radar  (ASR) 

The  function  of  the  surveillance  radar  is  to  obtain 
and  supply  information  concerning  the  location  of  aircraft 
in  the  vicinity  of  air  traffic  centers.  The  capability  of  the 
ASR  to  detect  and  locate  an  aircraft  is  determined  by  the 
design  and  operational  characteristics  of  the  components  and 
equipment  utilized  in  the  radar  system. 
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Figure  2. 1.4-1 

Typical  Localizer  "Noise"  Power  Spectral  Density 

» 

As  standard  or  normal  systems  to  evaluate,  the 
ASR-2  and  ASR-5  are  chosen.  The  error  in  both  systems 
(Reference  13)  is  +  .5°  (la). 

Human  Response  and  Pilot  Judgment  Errors,  (N^f  ,  Ne,  Ntr) 

In  studies  of  this  nature  where  data  is  not  avail¬ 
able  or  where  the  parameters  being  considered  are  not  observ¬ 
able,  it  is  necessary  to  use  inductive  reasoning  to  estimate 
values  or  accuracies.  Such  is  the  case  with  the  pilot  induced 
errors  of  interpreting  the  instruments  presenting  heading, 
bank  angle  and  localizer  information.  Certain  pilot  errors 
estimated  in  this  section  will  be  adjusted  in  Sections  2.4  and 
2.5  to  fit  measured  distribution  data  for  specific  approach 
systems.  Since  accurate  estimates  of  human  attitude  errors 
do  not  exist,  it  is  necessary  to  estimate  these  errors  by 
observing  measured  data  or  by  analyzing  the  instruments  or 
indicators  which  the  pilot  must  read  in  the  localizer  tracking 
task. 

The  most  widely  used  heading  instrument  (directional 

♦  gyros,  DG's,  and  magnetic  compasses)  have  course  markings 
every  5  degrees.  For  headings  between  the  marks,  the  pilot 
finds  himself  estimating  the  heading  by  mental  linear  inter¬ 
polation.  It  is  reasonable  to  assume  that  most  of  these 

*  heading  estimates  will  contain  random  errors,  N,!, ,  within  +  1° 
(la) .  Since  the  DG  is  usually  located  directly  in  front  of 
the  pilot  there  should  be  no  parallax  problems. 

Bank  angle,  indicators  have  the  coarsest  (greatest 
angle  between  successive  instrument  marks)  markings.  However, 
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indirect  bank  angle  measurement  is  available  from  the  rate- 
of-turn  indicator.  The  hierarchy  of  instruments  generally 
order  the  rate-of-turn  as  being  the  primary  bank  attitude 
indicator.  Direct  measurement  of  the  bank  angle  will  have 
random  errors  in  the  order  of  +  5°  (la).  Since  the  bank  angle 
is  the  pilot’s  primary  controlling  p'.rameter,  the  pilot 
attitude  random  errors  are  primarily  contained  within  N^; 
therefore,  more  accurate  estimates  of  are  made  for  specific 
approach  systems  by  fitting  the  measured  distribution  data 
in  Sections  2.4  and  2.5. 

The  error  N£,  based  on  inattention  to  the  localizer 
indicators  (CDl  or  flight  director)  is  estimated  to  have  a  la 
value  of  about  +  0.2'’.  This  corresponds  to  <  10%  of  full  scale 
deflection  on  the  CDI.  There  is  no  apparent  parallax  or 
biasing  that  would  cause  the  mean  to  be  non-zero. 

Tho  aircraft  turn  rate  random  error,  Ntr,  about 
a  commanded  standard  rate  turn  is  assumed  to  be  gaussian  with 
a  1  sigma  deviation  of  .2  deg/sec. 

White  Gaussian  Noise 

The  ILS  lateral  system  equipment  and  pilot  errors 
were  assumed  to  be  white  gaussian  noise  sources.  The  word 
white  implies  that  the  noise  contains  all  frequencies  equally 
up  to  a  frequency  of  w  rad/sec  where  w  is  at  least  two  times 
larger  than  the  bandwidth  of  the  ILS  system.  Therefore,  the 
noise  would  appear  white  to  the  system.  The  word  gaussian 
refers  to  a  law  for  probability  of  samples  of  various  amplitude 
which'  holds  for  many  natural  sources  of  noise  (Reference  18). 
Justification  of  the  white  gaussian  noise  assumption  for  the 
ILS  lateral  equipment  errors  is  illustrated  by  observing  in 
Figure  2. 1.4-1  the  effective  bandwidth  of  localizer  noi&c 
power  spectral  density,  .2  rad/sec,  (Reference  1)  and  compar¬ 
ing  it  to  the  effective  bandwidth  of  the  ILS  lateral  system 
model  (-.05  rad/sec).  Since  the  bar  width  of  the  noise  is 
mor  i  than  a  factor  of  two  times  the  bandwidth  of  the  system, 
the  noise  may  be  assumed  to  be  white  noise.  Due  to  character¬ 
istics  of  the  ILS  lateral  equipment,  the  major  noise  contributor 
is  thermal  noise  which  is  generally  gaussian  anc1  white  (Ref¬ 
erence  17);  therefore,  the  ILS  lateral  system  equipment  errors 
were  assumed  to  white  gaussian. 

Pilot  errors  were  also  assumed  to  be  white  gaussian 
noise  sources.  The  white  noise  assumption  is  again  justified 
by  the  fact  that  the  ILS  lateral  system  bandwidth  is  assumed 
small  compared  to  the  pilot  noise  bandwidth.  The  gaussian 
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assumption  is  justified  by  the  central  limit  theorem  (Reference 
16)  which  states  that  for  a  sequence  of  independent  random 
variables,  xj.,  the  distribution  of  the  random  variable,  zi, 
defined  by 

zi  =  “  <xi  +  x2  +  *  *  *  +  xn> 


+  xn) 


tends  to  be  gaussian  as  n  increases  regardless  of  the  dis¬ 
tributions  of  the  x^'s.  Since  the  ILS  lateral  system  model 
is  concerned  with  a  large  sample  of  independent  pilots,  the 
congregate  pilot  errors  assumed  for  the  model  are  gaussian. 

2.1.4. 3  Results 

The  results  of  the  error  definition  study  are 
presented  in  Table  2. 1.4-1.  Error  estimates  are  presented 
for  VOR^,  VORip,  ILSR,  ILSip,  ASR,  N N^,  Ng.,  and  N££.  Values 
for  the  lateral  guidance  equipment  receiver,  NR,  and  trans¬ 
mitter,  noises  to  be  input  into  the  models  are  dependent 
upon  the  specific  approach  system  modeled.  For  the  VOR 
system  model. 

Nr  =  VORr 
Nt  «  VORT 

For  the  ILS  system  models, 


Nr  =  ILSr 

nt  =  ILSt 

When  used  as  input  to  the  linear  mods?  or  the  base 
leg  model,  NR,  NT,  and  Ne  must  be  converted  to  feet  and  are 
range  dependent.  A  more  accurate  estimate  for  the  pilot 
attitude  error,  N<j, ,  is  made  in  Sections  2.4  and  2.5. 

1.5  STATE  EQUATIONS 


5  1  Introduction 

The  Fokker-Planck  analysis  requires,  as  input,- 
yr,tera  model  state  equations,  which  describe  the  complete 
dynamics  of  the  approach  systems  described  in  Section  2.1. 3.1. 
Since  all  specific  approach  system  models  to  be  considered 
are  represented  by  the  same  block  diagrams,  one  set  of  state 
equations  apply  to  all  approach  system  models.  To  simplify 
the  Fokker-Planck  analysis  the  pilot  delay  is  approximated 
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Item 


Table  2. 1.4-1  Error  Summary 
Value*  j 

lc,  deg**  Reference  Re:.iu 


Re:.narks 


Value  for  models  -  average 
of  values  from  references 
below 

Collins  VOR/ir.S  51RV-2B; 
Collins  VOR/LOC  51R-7A, -8A 

Collins  VOR/ILS  51RV-1 

General/Industrial  Aviai  --n 
Usage?  FAA,  NECAP  1964  program 

General/Industrial  Aviation 
Usage 

FAA,  NECAP  II,  General  Avia¬ 
tion  Usage 


Value  for  models  -  average  of 
values  from  references  below 

General/Industrial  Aviation 
Usage 

General/Industrial  Aviation 
Usage  (assumed) 


Value  for  models  -  average  of 
values  from  references  below 

Collins  51R-7A,-8A  (assumed) 

Collins  51RV-2B 


Category  I  (assumed) 


Table  2. 1.4-1  Erxor  Summary.  (Continued) 


Item 

Value* 
lo,  deg** 

Reference 

■ 

1 

Remarks 

ASR 

r 

+  .5 

- 

.  Value  ,for  models  -  average 
of  values  from  references 

below 

1 

.  1 

t  *5 

13 

NAFEC  ASR-2 

1 

±  *5 

12 

NAFEC  ASR- 5 

_  .  ,  1 

Heading 

Angle, 

Bank 

+  1. 

- 

As  su' <ied  \ 

i  ' 

More  accurate 
estimates  of 
these  pilot 

Angle, 

N<j) 

CDI , 

+  5. 

Assumed  | 

errors  are 
made  fpr  the  ' 

^  nominal  approach 
system  model  in 

Ne 

Turn 

+  .2 

Assumed  ' 

i 

(Section  2.4 

Rate, 

Ntr  . 

+  .2*** 

Assumed  ^ 

1  V 

*  All  random  errors  are  assumed  to  be  white  gaussian  noise 
sources  with  the  mean  equal  to  zero  and  standard  deviation 
equal  to  la. 

**  All  angular  errors  are  implemented  in  the  models  in 
radians . 

***  Units  «re  deg/sec;  implemented  in  rad/sec. 
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by  the  simulated  delay  shown  in  Figurtes  2. 1.2-7  and  2. 1.2-8. 
Therefore,  the  state  equations  are  derived  fpr  both  the  linear 
and  nonlinear  simulated  delay  system  models.  Figure  2.1..2-7 
and  Figure  2. 1.2-8  are  the  block  diagrams  of  the  nonlinear 
and  linear  simulated  delay  system  models,  respectively.  These 
block  diagrams  are  discussed  and  all  terms  are  defined  in 
Section  2.1.2. 

2.1. 5. 2  Approach 

The  block  diagrams  are  reduced  to  equation  form 
to  produce  the  system  state,  equations. 

■  i  • 

\ 

Linear  State  Equations 

The  following  equations  are  written  directly  from 
the  block  diagram  given  in  Figure  2. 1.2-8. 


e 

*d 

"c 

=  ee  K 

** 

n 

-  -e 
o 

i 

♦c 

9- 

* 

'  0) 
=H 

II 

^e 

II 

•e- 

O 

l 

R  T  y 


Kp  (aPis2+aP,s+1) 


vy>  -  fT-TR) (v  cos  e0> 


4) 


After  defining  the  above  variables,  it  is  co^ven 
ient  to  reduce  by  superposition  the  inner  loop  contained  in 


do  *  K , K  K  (a  +a_  a.)  A -1 
z  <P  a  p  P2  P2  9  o 

d3  =  kak=,K  U+a„  a.)  A -1 
J  <pap  P2  r  o 

d4  =  K$KaKpa^  A0-l 


Equation  2. 1.5-1  is  divided  by  s5  in  both  the  numerator  and 
denominator  to  obtain: 

t  b2s~^+  b3s'5)  -  *^2s~3+  d4s~5) 

1+C^s”^  +  C2s”2  +  C3s“^  +  C^s"^  +  C5S~5 


Rewriting  tuis  equation  the  following  is  obtained: 

<j>  =  (p^b^s  3+4,ch2S-^+4>cb3s“'l’-(pc1s  1-4>C2S  ^-(pc^s  3-<J>c^s  ^-(pc^s 

-VlS'2-V2S'3‘V3S'4‘V4S'S 

This  allows  the  flow  graph.  Figure  2. 1.5-1,  to  be  constructed. 


* 


c 


Figure  2. 1.5-1  Inner  Loop  Flow  Graph 


2-r  3 


jwrawrew^eawt^^ 


Using  Mason's  Loop  Rule, 


-  y.  forward  paths 
^c  _-£  feedback  paths 


The  flow  graph  is  verified  by  writing  from  the  flow  graph 
as  follows  (with  N^  =  0) ;  *c 

£  _  bls"3  +  b2s'4  +  b3s_5 

*c  1  '  (~cls~l  ”C2S_2  _C3S~3  “C4S~4  “C5S”5) 

Now  multiplying  the  numerator  and  denominator  by  the  follow¬ 
ing  equation  is  obtained: 

«j)  _  b1s2+b2s+b3 

4>c  s^+c1s4+c2s3+c3s2+c4s+c5 

which  is  identical,  to  Equation  2. 1.5-1,  the  general  —  transfer 
function.  *c 

To  obtain  the  state  equations  for  the  inner  loop 
of  the  block  diagram,  the  flow  graph  is  utilized.  States 
xi,  x2r  x3,  x4,  and  X5  arc  defined  following  the  integration 
as  shown  .in  Figure  2.1.5  .  The  following  state  equations 
are  written  f rom* the  flow  graph. 


X1  ~  X2"C1  X1 


(2. 1.5-2) 


X2  =  X3'°2  xl-dlN4, 


(2. 1.5-3) 


X3  =  VC3  xl-a2N^+bl*c 


(2. 1.5-4) 


X4  =  x5'C4  xl_d3N*/b2i'< 
*5  =  b3*o"C5  Xl'd4N* 


(2. 1.5-5) 
(2. 1.5-6) 


Where  x  =  <p  and  x  .  x_,  x  .  and  x..  are  intermediate  states. 
1  z  o  4  3 
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From  the  block  diagram  of  the  model,  let: 
x6  «  ¥ 

x?  *  y 

u  -  Y'd  +  NR  +  NT  +  Nyl,  ft 


therefore : 


32.2 


(2. 1.5-7) 


x?  «  (X  -*R)  V  cos  e( 


(2. 1.5-8) 


4>  may  be  written  as: 
c 


♦c  *  %  (Ke  '^‘WW 

e  e 


(2. 1.5-9) 


Nonlinear  State  Equations 

Figure  2. 1.2-7  is  utilized  in  the  derivation  of 
the  nonlinear  state  equations.  The  method  of  derivation  is 
identical  to  that  utilized  in  the  linear  case.  Since  the  inner 
loop  of  the  nonlinear  block  diagram  is  identical  to  the  inner 
loop  of  the  linear  block  diagram,  with  the  exception  of  the 
limits  on  4>  and  £,  the  reduction  of  this  loop  results  in 
Equations  2. 1.5 -2  through  2. 1.5-6  with  states  x^,  X2,  X3,  x4, 
and  X5  defined  as  in  the  previous  paragraph.  Referring  to 
the  block  diagram  let: 


+  NR  +  Nm  +  N  ,  rad 
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The  following  equations  may  be  written  from  the  block 
32.2 


x6  = 


V 


tan  x^ 


x?  =  (V  cos  eQ)  (sin(xg-4,R) ) 


xg  =  (V  cos  6o)  cos  xg 

*»  ’  K»e(Kee(u-tan"1  (  ~))  <*6-V%>  ) 


diagram: 
(2.1.5-10) 
(2.1.5-11) 
(2 . 1,5-12) 
(2-1-5-13) 


2. 1.5. 3  State  Equation  Results 

The  state  equations  required  by  the  Fokker-Planck 
analysis  are  given  in  this  section.  A  definition  of  all  terms 
is  contained  in  Section  2.1.2.  Two  sets  of  state  equations, 
derived  for  use  in  various  required  analyses,  are  the  linear 
and  nonlinear  state  equations  with  an  approximation  for  the 
pilot  delay.  The  following  terms,  defined  in  Section  2. 1.5. 2, 
will  retain  their  definitions:  Aq,  b^,  b2,  b3,  cj.,  C2»  c3,  c4, 
C5,  d-^,  d3,  d3,  and  ^4*  In  Edition, 


^  tt;  an  approach 
R  ~  0;  a  departure 

The  initialization  of  the  states  may  be  derived 
from  the  list  of  zero  error  conditions  listed  below.  The 
zero  error  conditions  are  defined  by  the  aircraft  flying 
straight  down  the  runway  centerline. 


x?  «  y’  =  0 


Xg  =  X  =  slant  range 

8q  =  0 ,  indicates  the  aircraft  is  flying  down  the  glideslope. 


Linear  State  Equations 

The  linear  state  equations  may  be  defined  by 
combining  Equations  2. 1.5-2  through  2. 1.5-9. 
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x2’cl  X1 


x3_C2xl"dlN<|> 


x4_C3Xl“d2NrblN  VVV'hlN  Ke  x?+b  K  K  U  +  b  K  K  Y 

«  ee  iee  e 

x5‘c4xl“d3N<Tb2K4'  WV“b2K¥  Ke  x7+b2K¥  Ke  u  +  b2Kf  Vr 


e  e 


e  e 


=  -C5X1-d4N(j)-b3KH)  (Xg+N^)  -b3K^  Ke  X?+b3K4,  Ke  u  +  b^  K^fR 


e  e 


e  e 


_  32.2 


(x6-¥r) (V  cos  0Q) 


where  x^  »  $  and  X2»x3,x4,  and  X5  are  intermediate  states  in 
the  inner  loop  and  xg  =  ¥,  X7  *  Y* ,  and  u  =*  Y^'  +  NR  +  NT  +  Nyi 
The  linear  state  equation  may  be  written  in  matrix  form  as 
follows : 


32.2 

V 


0  0 


0  0 


-b  Ky  Ky  -b^  Kr 
e  e 

-b  K  K  -b  K  K 

2  !  4*  2  4'  e 

e  e  e 

-b  K  K  -b  K  K 

3  4'  4'  3!  £ 

e  e  e 


0  0  V  cos  0 


0 

o 
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0 

0 

0 

0 

0 

-dl 

0 

0 

blK4'  Ke 
e  e 

~d2 

-b-jK^Ky 

b 2K4'  Ke. 
e  e 

"d3 

b2K, 

b3K„  K 

e  e 

-d4 

“ b3K^ 

b  3Kv 

0 

0 

0 

0 

0 

0 

0 

-V  c 

u 

% 

*R 

Nonlinear  State  Equations 

The  nonlinear  state  equations  with  the 
approximation  of  the  pilot  delay  may  be  defined  by  combining 
Equations  2. 1.5-2  through  2. 1.5-6  and  2.1.5-10  through 
2.1.5-13. 


*1 

*2 

*3 

*4 

*5 


v  „  v  ,  ^  X1  “  ^LIM 

x0-c,  x,  ,  where  • 


2  1  1 


xi  -  '•'lim 


x3-C2VdA 

03^1“ d2^^)~ ^1^4*  K^,  ■  (Xg+N^)  — b^K^  K 


e  ee 


+b1*»  K6  “  +  blKf  VR 

e  e  e 


Xg— C4X1— d3N(j)— b^K^,  ( Xg+N^)  — b2K^,  K 


e  ee 


+b2K  K  u  +  b2Kf  VR 
6  6  6 


-c5x1-d4N(j)-b3KH,  KH/(xg+N¥)-b3KH,  K£  tan 
e  e  '"e 


+b3K4,  Ke  u  +  b3Kf 
e  e  e 
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.  32.2  . 

xg  =  — —  tan  x1 

x7  =  (V  cos  0O)  sin(x6“4'R) 

x8  =  (V  cos  0O)  COS  Xg 

where  x-j_  =  <j>  and  x 2 ,  x^,  x^,  and  X5  are  intermediate  states 
in  the  inner  loop  and  xg  *  V,  x7  =  Y',  x8  =  X'  and  u  * 

eLOC  +  NR  +  nT  +  Ne* 

The  state  equations  are  verified  in  Section  2.4. 


«irf: 
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SECTION  2.2 


FOKKER-PLANCK  DEVELOPMENT 

The  Fokker-Planck  equation  is  a  second  order  dif¬ 
ferential  equation  whose  solution  (in  the  Lateral  Separation 
Study)  is  the  joint  probability  density  function  of  the  "state 
variables"  represented  in  the  system  model.  A  fundamental 

*  characteristic  of  this  equation  is  that  the  dynamics  of  the  sys¬ 
tem  model  dictate  the  manner  in  which  tne  density  function 
evolves  (or  propagates)  as  a  function  of  time  (or  range). 

*  The  primary  marginal  density  function  of  interest  in 

*  this  study  is  that  of  the  lateral  deviation  state  since  the  ob¬ 
jective  •->f  this  study  is  to  provide  the  procedure  and  data  nec¬ 
essary  to  minimize  lateral  spacings  between  parallel  runways. 

The  Fokker-Planck  equation  was  used  to  generate  the  lateral  dev¬ 
iation  density  function  required  to  solve  the  problem  defined  in 
Section  1.1.  The  application  of  this  equation  to  obtain  a  pro¬ 
bability  density  function  requires  two  things: 

(1)  the  state  equations  of  the  system  model  and 

(2)  an  initial  distribution  for  each  state  of  the 
system. 

The  state  equations  are  provided  in  Section  2.1.5  and  simplified 
in  Section  2. 2. 1.2.  The  model  parameter  values  and  initial 
ctate  distributions  are  provided  in  Appendix  G  for  each  approach 
system  considered.  Application  of  the  technique  developed  in 
this  section  to  generate  each  of  the  required  probability  den¬ 
sity  functions  is  discussed  in  Section  2-5. 

The  development  of  the  Fokker-Planck  analysis  tech¬ 
nique  is  contained  in  this  section.  The  development  approach 
(Section  2.2.1)  and  verification  (Section  2.2.2)  of  the  Fokker- 
Planck  technique  are  illustrated  by  utilizing  the  nominal  sys¬ 
tem  model  developed  in  Section  2.1. 

The  fundamental  assumption  necessary  in  applying  the 
Fokker-Planck  equation  to  the  system  model  is  that  the  state 
variables  are  represented  by  a  Markov  process.  This  assumption 

*  implies  that  the  associated  probability  transition  density  is 

»  always  a  solution  to  the  Fokker-Planck  equation  under  mild 

regularity  conditions  (Reference  1) -  A  more  elaborate  discus¬ 
sion  of  this  assumption  is  contained  ir  Section  .2.1.1. 

*  since  the  uystem  model  represents  an  integral 
part  of  the  Fokker-Planck  analysis,  an  approach  system  model 
which  accurately  represents  lateral  motion  about  the  extended 
runway  centerline  was  required.  The  model  given  in  Section 
2.1.2  (Figure  2. 1.2-6)  represents  the  original  model  developed 
for  this  purpose.  In  order  to  apply  the  Fokker-Planck  equation, 
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the  system  model  was  simplified  such  that  it  accurately  rep¬ 
resented  the  original  model.  The  method  of  simplifying  the 
system  model  is  discussed  in  Section  2. 2. 1.2. 

Section  2.2. 1. 3  contains  a  description  of  the  Fokker- 
Planck  implementation  process.  Included  in  this  description 
is  a  general  discussion  of  the  Fokker-Planck  equation  and  how 
the  system  model  state  equations  are  implemented,  a  discussion 
of  the  application  of  the  Fokker-Planck  equation  to  a  linear 
system,  and  a  description  of  the  computer  solution  to  the 
Fokker-Planck  equation. 

The  verification  of  the  Fokker-Planck  method  is 
contained  in  Section  2.2.2.  Two  methods  of  verifying  '_;.e 
Fokker-Planck  method  are  discussed.  Utilizing  the  fa-,.fc  that 
gaussian  distributed  inputs  into  linear  systems  produce  gaus- 
sian  distributed  outputs,  the  Fokker-Planck  method  was  ve.fied 
as  follows : 

(1)  showing  that  for  a  linear  system  with  gaussian 
inputs,  the  Fokker-Planck  solution  produced 
gaussian  outputs  (Section  2. 2. 2.1)  and 

(2)  comparing  the  lateral  deviation  variance 
response  for  a  linear  gaussian  system  predicted 
by  the  Fokker-Planck  equation  to  the  response 
predicted  by  the  classical  linear  :.\issian 
method  of  variance  propagation  (Section 

2. 2. 2. 2). 

2.2.1  DEVELOPMENT  APPROACH 

2.2.1. 1  Markov  Representation  of  the  State  Vector 

The  application  of  the  Fokker-Planck  approach  toward 
solving  the  probability  transition  density  describing  the 
distribution  of  aircraft  errors  requires  (1)  that  the  aircraft 
system  model  be  expressed  in  state  equation  form,  and  (2)  that 
the  state  vector  which  evolves  as  a  function  of  time  be  a 
Markov  process.  The  concept  of  -  robability  transition  density 
replaces  the  usual  conditional  pre lability  density  in  that  the 
present  value  of  the  stochastic  process  in  question  is  condi¬ 
tioned  only  on  the  last  value  of  the  process  and  not  on  a  time 
history  of  the  process.  The  preceding  s-atement  characterizes 
the  Markov  concept  for  a  random  process. 

Requirement  (1)  above  has  been  satisfied  for  both  the 

linear  and  nonlinear  system  models  (Section  2.1.5).  Requirement 
(2)  can  be  interpreted  as  follows.  If  x  represents  an 
n-dimensional  system  state  vector,  then  the  joint  probability 
transition  density  of  this  process  is  given  by 
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p[x  (t)  ,x2(t)  ,  •  •  •  ,xn(t)  |  Xx  (t1)  ,x2  (xj  , . . .  fxn(i1)  1 


P [x^  (t)  ,X2  (t) , . . .x^ (t) 


xi  (V  ,xi  '  •'*  •  ,X1  (T10? 

f x2  (t2) ,x2 ( t 2 ) , . . . ,x2 (t2)  ; 


x  (t  ) /X  ( x  ) , . . . ,x  ( T  ) 3 
n  n  n  n  n  n  , 


(2. 2. 1-1) 


where  x, (#! ,  x? (•),... ,x  (•)  represent  the  nstates  describing  the 
system  and  the  "times  t  and  x  ^  are  such  that:  t  >  x  >  \  ^  >x  .  ' 
In  worts .  bqu-tion  2. 2. 1-1  states  that  the  present  values  whicR 
the  s td tv-,  vector  or  stochastic  process  x  assumes  at  time  t  is 
only  dependent  on  the  values  assumed  at  some  earlier  time  x^ 
where  x  can  be  arbitrarily  chosen*  The  Markov  assumption  is 
used  extensively  in  physical  systems  covering  a  broad  class  of 
practical  problems.  A  detailed  discussion  of  Markovian  pro¬ 
cesses  and  applications  can  be  found  in  References  1,  3,  4,  6,  : 
7,  and  8.  Although  it  iu  clear  that  the  position  of  the  air¬ 
craft  at  time  t  can  be  approximately  determined  from  the  values 
assumed  at  t  =  t  -  At,  the  exact  position  can  only  be  statisti¬ 
cally  determined.  The  Markov  assumption  implies  that  the 
present  position  error  is  dependent  only  on  the  errors  in  the 
state  variables  at  time  t  =  t  -  At;  i.e.,  an  aircraft's  true 
position  at  some  time  t  is  only  dependent  on  the  values  assumed 
by  the  state  variables  in  the  infinitesimal  past,  at  t  -  At, 
and  rot  on  a  history  of  the  aircraft's  past  flight  path.  This 
assumption  is  clearly  valid  for  an  aircraft's  motion  when 
subjected  to  random  perturbations,  thus  satisfying  requirement 
(2)  above.  It  should  be  noted  that  the  pilot/control  delay  in 
the  system  model  given  in  Figure  2. 1.2-6  was  replaced  with  a 
simulated  delay  as  shown  in  Figure  2. 1.2-7  in  order  to  preserve 
the  Markov  assumption. 


2 . 2 . 1 . 2  Reduction  of  the  System  Model 

The  nonlinear  version  of  the  system  model  developed 
in  Section  2.1.2  (Figure  2. 1.2-6)  represents  the  most  accurate 
model  developed  in  the  Lateral  Separation  Study  for  an  instru¬ 
ment  landing  approach  system.  Theoretically,  the  Fckker-Plar.ck 
equation  can  be  applied  to  a  system  of  any  finite  order.  How¬ 
ever,  limitations  on  computer  memory  and  available  computer  time 
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necessary  for  solving  the  Fokker-Planck  equation  require  a 
lower  order  system  model.  Therefore,  in  order  to  apply  the 
Fokker-Planck  equation,  it  was  necessary  to  simplify  this 
system  model.  t 

As  discussed  in  Section  2.1. <  the  first  step  in 
simplifying  the  system  model  in  Figure  2. •  was  to  replace, 
the  pilot/control  delay  with  a  simulated  ca  - .  j  resulting  in 
the  model  shown  in  Figure  2 .1.2-7.  The  state  equations  derived 
from  this. model  'resulted  in  an  eighth  order  set  of  nonlinear 
state  equations,  as  shown  in  Section  2.1.5.  The  nonlinearities, 
due  to  transcendental  functions  of  various  angles,  were  then 
removed  by  assuming  that  the  value  of  the  small  angles 
approximated  these  functions.  The  remaining  nonlinearities 
in  the  system  model,  which  included  a  turn  rate  limit  (and, 
therefore/  bank, angle  limit)  of  3  degrees/second  and  a  bank¬ 
ing  rate  limit  of  10  degrees/second,  were  removed.  This 
resulted  in  the  seventh  order  linear  model  shown  in  Figure 
2. 1.2-8.  The  simplified  models  were  shown  to  accurately 
approximate  the  original  nonlinear  system  model,  in  Section 
2.1.2.  Further  validation  of  the  model  -simplification  is 
contained  below. 

;  A  Monte  Carlo  simulation  was  run  to  compare  the 
lateral  distribution  standard  deviation  response  of  the  linear 
model  to  the  nonlinear  model.  As  shown  in  Figure  2. 2; 1-1, 
the  differences  between  the  two  models  were  minimal.  Since 
the  lateral  distribution  standard  deviation  time  response  of 
the  "linearized"  system  model  was  almost  identical  to  that  of 
the  nonlinear  model,  it  was  decided  that  the  seventh  order 
linear  model  represented  a  sufficiently  accurate  model  for  use 
in  the  Fokker-Planck  analysis. 

The  implementation  of  the  Fokker-Planck  equation  to 
include  the  linear  seventh  order  system  state  equations 
presents  two  fundamental' problem  areas. 

(1)  ihe  computer  solution  described  in  Section 
2. 2. 1.3  for  solving  the  seventh  order  system 
requires  much  more  time  and  computer  memory 
than  is  feasible;  and 

(2)  the  accuracy  obtained  in  the  solution  may  be 
questionable  due  to  round-off  and  truncation 
errors  arising  from  the  tremendous  number  of 
computations  required. 

In  order  to  alleviate  toe  preceding  problems,  it  was 
necessary  to  reduce  the  order  of  the  seventh  order  linear  model. 
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The  model  reduction  task  occurred  in  two  stages.  The  seventh 
order  linear  model  was  first  reduced  to  a  sixth  order  linear 
model  by  eliminating  the  (a  s  +  1)  term  in  the  pilot  control 

p5 

simulated  delay  model  given  in  Section  2.1.2.  This  term  has 
practically  no  effect  on  the  system  for  the  range  of  values 
considered.  From  Sections  2.1.2  and  2.1.3 


* 


► 

T 

Figure  2. 2. 1-1 

*  Lateral  Distribution.  Standard  Deviation  Per  Cent  Difference 

Between  Linear  and  Nonlinear  Models 
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x  =  .7  seconds,  and 
P  t 

a  =  r~—  =  .007  seconds. 

P5  100 

A  pole  which  has  a  time  constant  of  0.007  seconds  has  little 
effect  on  this  system  since  the  system's  dominant  time  constant 
is  much  larger  (Section  2.4.1);  therefore,  this  term  was 
omitted,  resulting  in  a  sixth  order  linear  model. 

The  second  stage  of  the  model  reduction  task  is 
concerned  with  reducing  the  sixth  order  linear  model  such  that 
the  two  fundamental  problem  areas  mentioned  previously  are 
solved.  A  literature  search  regarding  this  problem  resulted 
in  the  method  proposed  by  E.  J.  Davison  (Reference  2)  for 
reducing  the  number  of  states  in  a  linear  system  such  that  the 
reduced  linear  model  retains  the  dominant  characteristics 
(eigenvalues)  of  the  original  model. 

Davison's  method  was  developed  to  reduce  the  order 
of  the  system  model  such  that  the  Fokker-Planck  implementation 
would  be  feasible  on  a  digital  computer.  The  only  restraint 
imposed  in  reducing  the  order  of  the  linear  model  was  that 
the  lateral  deviation  time  response  obtained  from  the  reduced 
and  original  models  remain  in  close  agreement.  A  detailed 
discussion  of  the  state  reduction  technique  is  given  in  Appendix 
B.  Application  of  Davison's  method  results  in  a  reduced  model 
which  accurately  approximates  the  lateral  deviation  time 
response  given  by  the  sixth  order  linear  model. 

The  original  sixth  order  linear  model  to  be 
reduced  by  Davison's  method  has  the  following  form: 

x  =  A  x  +  B  v  (2.2. 1-2) 

where 

• 

x  denotes  a  6x1  column  vector  representing  the  six 

"states"  describing  the  system; 

A  is  a  6x6  matrix  of  constants; 

B  is  a  6xN  matrix  of  constants; 

and 

2  is  a  Nxl  column  vector  representing  the  N 

inputs  to  the  system  model. 

1 

Davison's  method  reduces  the  system  model  defined  by  Equation 
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2. 2. 1-2  to  a  system  model  of  the  form 


x*  =  A*  x*  +  B*  v 


(2. 2. 1-3) 


where 

x*  is  an  Lxl  column  vector  (L<6)  resulting  from 
eliminating  a  predetermined  number  of  states  from  the 
sixth  order  system  in  Equation  2. 2. 1-2; 

A*  is  an  LxL  matrix  which  has  the  same  L  dominant 
eigenvalues  as  the  A  matrix; 

anC. 

B*  is  an  I.xN  matrix  which  is  determined  such  that  the 
effect  of  the  dominant  modes  in  the  reduced  system  given 
by  Equation  2. 2.1-3  is  the  same  as  the  effect  produced 
by  the  dominant  modes  in  che  system  given  by  Equation 
2. 2. 1-2. 

Appendix  B  contains  a  more  complete  mathematical  description 
of  Davison's  method. 

To  illustrate  the  reduction  technique,  the  non¬ 
linear  nominal  system  model  from  Figure  2. 1.2-6,  with  the 
parameter  values  from  Table  2. 1.2-2  (except  for  K  =  114.7 

e 

at  a  range  of  9  NMi),  was  first  reduced  to  a  linear  sixth 
order  system  and  later  reduced  a  11;  >ar  second  order 
system.  The  time  responses  of  these  three  systems  were  then 
compared.  The  value  of  K  =  114.7  was  chosen  so  that  the 

e 

time  responses  would  be  oscillatory  and,  therefore,  megnify 
the  deviations  between  the  nonlinear  system  response  and  the 
reduced  linear  systems'  responses. 

The  sixth  order  linear  model  representing  the 
approach  model  to  be  reduced  is  of  the  form 

x  =  A  x  +  B  v 


where 
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0 
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- 

.01558 
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where  v  represents  a  unit  step  input  to  the  system.  PP1,  PP2, 
and  PP3  refer  to  intermediate  states.  Note  that  the  system 

states  must  be  arranged  in  order  of  decreasing  dominance. 

Using  Davison's  technique,  a  reduction  was  accom¬ 
plished  retaining  the  first  two  states  in  the  sixth  order 
model  (lateral  deviation  and  heading  angle).  The  resulting 
reduced  second  order  linear  model  is  of  the  form  j 

•  *  *  *  *  *, 

X  *  A  X  +  B  V  \ 


where 


* 

A  = 


-.0001431 


236.4 

-.1090 


2-7  4 


MVKi'.VN-  i 


S.-AIF 


«HWIJ'l>  i 


_ 


► 


» 


» 


* 


* 


* 

B 


-69.80 

.1649 


46.66 

-.1693 


21.02  -.04417 

-.1700  .00016 


Lateral  Deviation 
Heading  Angle 


and 


v 


0 

0 

0 


Li 


Table  2. 2. 1-1  and  Figure  2. 2. 1-2  show  the  compari¬ 
son  of  the  lateral  deviation  time  response  for  the  original 
nonlinear  model  and  the  reduced  sixth  and  second  order  linear 
models.  As  indicated  in  Figure  2. 2. 1-2,  the  second  and  sixth 
order  responses  were  essentially  equivalent  to  the  nonlinear 
model  time  response  since  the  points  of  maximum  deviation  of 
the  second  and  sixth  order  systems  from  the  nonlinear  system 
response  were  only  .024  feet  and  .0031  feet,  respectively. 

Based  upon  the  preceeding  results,  it  is  assumed  in 
the  subsequent  Fokker-Planck  analysis  that  a  sufficiently 
accurate  system  model  is  given  by  a  second  order  linear  system. 


b  b  b  b 
11  12  13  14 

b  b  b  b  . 
->1  22  23  24 


(2.2. 1-4) 


where  x,  and  x  represent  lateral  deviation  and  heading  angle, 
respectively,  the  a.  .  and  b.  .  terms  are  constants,  and  the 
v. 's  represent  inputi.  This"1  assumption  is  further 
justified  in  the  system  model  root  locus  analysis  discussed 
in  Section  2.4.2. 


2 . 2 . 1 . 3  Fokker-Planck  Implementation 

As  stated  in  the  preceding  section,  the  second 
order  system  model  given  in  Equation  2. 2. 1-4  is  the  basic 
model  to  which  the  Fokker-Planck  equation  will  be  applied. 
This  section  discuses  the  general  form  of  the  Fokker-Planck 
equations  for  an  n  order  system  model  and  develops  an  equa¬ 
tion  to  be  implemented  for  the  second  order  system  model. 
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Table  2. 2. 1-1 


Lateral  Deviation  Time  Responses  for  the  Original  Nonlinear 
and  Simplified  Linear  Models 


Time,  Nonlinear  System,  Sixth  Order  System,  Second  Order  System# 

sec _ fact _ feet _ £ee% _ _ 

n  0.0  0.0  0.0 


0.2994 


0.3025 


0.2817 


15.0 


1.258 


1.258 


1.237 


19.2 


1.381 


1.379 


1.358 


25.2 


1.208 


1.205 


1.184 


31.2 


0.9507 


0.9491 


0.9277 


37.2 


0.8555 


0.8571 


0.8358 


45.0 


0.9535 


0.9564 


0.9350 


55.2 


1.055 


1.054 


1.032 


60.0 


1.038 


1.035 


1.014 
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Normalize*  natural  >v:.atio.: 


Time  -  seconds 


Figure  2. 2. 1-2 


Comparison  of  Lateral  Deviation  Time  Response  for 
2nd,  6tn,  and  Nonlinear  Systems 


’  — r‘»u,mi<  j  1 : - -  '--T7?r^* ^ *  ?-  ■  -■* — r^*- 


The  implementation  of  this  equation  for  the  second  order  model 
is  then  given  at  *-he  end  of  this  section. 


Fokker-Planck  Equation 

The  Fokker-Planck  equation  can  be  thought  of  as  a 
method  for  describing  how  the  shape  of  the  density  function 
associated  with  the  random  errors  in  the  system  model  changes 
as  a  function  of  time.  R,  L.  Stratonovich  (Reference  8)  has 
referred  to  the  Fokker-Planck  equation  as  the  "conservation  of 
probability"  in  the  sense  that  regardless  of  the  time  at  which 
the  equation  is  solved  or  the  manner  in  which  the  shape  of  the 
density  function  is  altered,  the  area  under  the  curve  which  is 
obtained  as  a  solution  is  always  equal  to  unity. 

In  order  to  determine  the  propagation  of  a  state 
variable's  probability  density  function,  the  Fokker-Planck 
equation  can  be  applied  to  the  following  state  variable 
equation: 

k  =  f  tx(t)  ,  t]  +  G  [x  ( t)  ,  t]  u  (t) 

where 

x(t)  is  a  Nxl  random  state  veccor; 

f [x(t) ,  t]  is  a  Nxl  vector  which  i3  a  linear 

or  nonlinear  function  of  x(t)  and  t; 


G  [x  (t) , 


t]  is  a  NxR  matrix  which  is  a  linear 
or  nonlinear  function  of  x(t)  and  t; 


and 

u(t)  is  a  zero-mean  gaussian  white-noise-input 

Rxl  vector  with  Cov{u(t),  u(t)}  =  y  (t)6  (t-x) 

-  -  u  D 


(Thus  the  covariance  matrix  ¥  (t)  is  a  RxR 
matrix.) 


The  following  Fokker-Planck  equation  has  been  derived,  as  shown 
by  Sage  and  Melsa  (Reference  5) ,  for  the  preceding  vector  state 
variable  equation: 


3p[x(t)  |x(t  )  J  /  >■ 

-  =  -tr  i5'x'(~t~)  (£Ix(t)  ,t]P[x(t)  |x(tQ)  ] 


+  0 


.  5tr  | 


at 

a 


3x(t) 


9x(t) 


T  |g  [x (t)  ,tJ'i'u(t)GT[x(t)  ,t]p[x(t)  |x(tQ)]Jj 


(2. 2. 1-5) 
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p[x(t)|x(t  )]  is  the  conditional  joint  probability  4 

density  of  the  state  vector  x(t)  given  the  initial  | 

state  vector  x(t  )  k 

~  °  I 

and  I 

tr  is  the  trace  (sum  of  the  diagonal  aleiiients}  of  a  1 

.  a 

matrix.  3 

I 

This  equation  is  solved  with  the  initial  condition  | 


pix(t0)'x(to)!  -  «D(x1(t)-x1(to))6D(x2(t)-x2(to)) 

since  the  initial  state  vector  is  the  given  conditioning 
variable  and  since  the  elements  of  the  state  vector,  x., 
x  ,  etc.,  can  be  considered  to  be  independent  at  the  initial 
time  t  .  Although  Equation  2.2. 1-5  is  of  the  form  usually 
found  in  the  literature,  it  can  be  altered  to  provide  a  more 
direct  solution  for  the  lateral  ^aviation  density  function. 

For  a  second  order  system,  the  ioove  equation  would  result  in 
a  solution  of  the  form  p  (xL (t) ,x2  (t) |x1  (tQ) ,x2 (t  ) ) .  If  the 
density  function  p(x  (t})»  which  could  for  example  be  the 
lateral  deviation  density  function,  is  the  required  quantity, 
then  the  above  solution  must  be  integrated  as  follows  to  yield 
p (xx (t) )  : 

p(x1(t)  ,x2(t)  ,x1itQ)  ,x2(tQ))  =  pfx^t)  ,x2(t)  jxj/to)  ,x2(t0) ) 

•  p ( x^  ( tQ )  , x 2  (tQ) ) 


OU  OD  00 


p(Xl(t))  =  '  p(xL(t)  rx2(t)  ,X1(tQ)  rx2lt0))  dx2tdx;l  dx2 


CO  OD  CD 

r  r  r 


J  J  J 

-00  —CO  -00 


p(Xl(t)  ,X2(t)  Ix^tjj)  ,x2(t0))  p(xx(t0)  ,x2(t0)) 

.dx2  dxi  dx2 


where 


p(x1(tQ) ,x2(t0) )  =  p(x1(tQ))  p(x2(t0) )  since  the  2  states 
are  assumed  to  be  independent  initially. 
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Much  of  the  effort  in  obtaining  p (x^ (t) )  can  be  eliminated  by 
obtaining  a  slightly  altered  Fokker-Planck  equation.  By  multi¬ 
plying  the  above  Fokker-Planck  equation  by  p(x(tQ)),  the 
following  equation  is  obtained  (due  to  the  fact  that  p(x(tQ)) 
is  independent  of  t  and  x (t) } : 

3p[x(t)  ! x (tQ)  [p(x(tQ} . 

—  ~ 

=  -tr^^^ff  tx(t)  ,t]p[x(t)  |x(to.]P(x(to))}) 

*  °-5tr(iikr  [iskl  Ti°wt).tHu,t»GTlx(t»,t1 

p[x(t.)  |x(t  )]p(x(t 

°  u  / 

By  substituting  the  joint  density  p (x (t) ,x(tQ) )  for  p (x(t) | x (tQ) ) 
p(x(tQ))  and  by  integrating  the  equation  over  x(tQ) ,  the 
following  Fokker-Planck  equation,  which  will  be  the  equation 
used  in  the  remainder  of  the  Fokker-Planck  analysis  is  obtained: 


aPfo^--—  =  "tr|”^y{f  (x(t)  ,t]p[x(t)  ]  }J 
+  0.5  tr(j^7  [^yj*  0[£(t).t]»n(t)0,lS(t) .tlpt.lt) l) 


This  equation  is  solved  with  an  initial  condiv:on  of 
p (x (t) ) I  =  p(x(tQ)).  Assuming  the  states  are  independent  at 

time  t  ,  the  joint  density  p(x(tQ)J  is  equal  to  the  product  of 
the  marginal  density  functions,  pU^t^))  p  (x2  (tQ) ) . .  .p  (x^ (tQ) ) . 

A  second  order  example  solution  for  this  equation,  p  (x^  (t)  ,x^  (t) )  , 
can  be  integrated  directly  to  obtain  the  desired  lateral  devia¬ 
tion  probability  density  function,  p(x^(t)),  as  follows: 

p(xx(t))  =f  p(x1(t)  ,x2(t))dx2 

The  preceeding  method  is  illustrated  in  Figure  2. 2. 1-3. 

The  de  ’vation  of  the  Fokker-Planck  equation  assumes 
that  the  error  inputs  to  the  system  are  white  gaussian  noise. 

This  assumption  is  discussed  ..n  Section  2.1.4. 
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Application  of  the  Fokker-Planck  Equation  to  a  Linear  System 

As  described  in  Section  2. 2.1. 2,  the  seventh  order 
linear  system  was  reduced  to  a  second  order  system  (Equation 
2. 2.1-4)  which  accurately  approximates  the  original  sy&tem. 
This  reduced  model  is  given  by 

x  =  Ax  +  Bu  (2.2. 1-7 ) 


which  can  be  expressed  in  matrix  notation  as 


all  ai2 


a  a 
21  22 


113 


b  b  b  b 
11  12  13  14 


J21b22b23b24J 


where 


lateral  deviation 


I  x2 J  Lheadin9  angle 


a  's  and  b.  .'s  ,are  constants,  and  the  u.'s  represent  the  noise 
inputs,  to  til  system  model.  The  general^Fokker-Planck  equation 
(Equation  2. 2. 1-6)  which  was  applied  to  this  second  order 
linear  system  is  given  by: 


-tr(4(H+0-5tr(4(-4)T(B’uETp)) 


(2. 2. 1-8) 


where 


p  =  p(x^,x2)  is  the  joint  probability  density  of  x^  and  x2, 


A  and  B  are  the  matrices  defined  in  Equation  2. 2.1-4,  tr 
represents  the  sum  of  the  diagonal  elements  of  a  square  matrix, 


¥  is  the  covariance  of  the  system  model  noise  inputs  and  is 


defined  as 


a2  0 
U1 


•f  ;  = 

u 


a2  0 
u2 


0  '  0 


a2  0 
U3 
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-  -'•  ■  *  f-r, 


♦ 


and 


3x 


_i 

3x 


is  a  linear  operator  defined  as 


3  H 


3x, 


L^J 


The  remainder  of  this  subsection  develops  the  right-hand  side 
of  Equation  2. 2. 1-8  to  the  form  to  be  implemented  for  solution 
on  a  digital  computer.  This  computer  solution  is  then  described 
in  the  following  subsection. 

In  order  to  develop  the  right-hand  side  of  Equation 
2. 2. 1-8,  first  consider  the  first  term  on  the  right-hand  side 
of  the  equation. 


Since 


Axp  = 


"a  a  ~i 

11  12 

• 

’xr 

• 

<allXl  +  a12x2,p 

— 

P  = 

a  a 

L  21  22_ 

_X2_ 

(a21X.  +  a22X2ip 

it  follows  that 


JHAxp)  = 


anp  +  i^(auxi  +  ai2x2> 


a22p  +  ♦  a22x2) 


Therefore,  the  first  term  on  the  right  side  of  Equation  2. 2. 1-8 
is  obtained  by  summing  the  diagonal  elements  of  the  preceding 
matrix: 


^ p! 


1 


The  second  term  on  the  right-hand  side  of  Equation 
2, 2.1-9  is  developed  as  follows.  Let  the  matrix  product 
BY  B^  be  denoted  as 


u 


T 

BY  B  « 
u 


rmil  mi2 


m21  m22 


The  linear  operator 


3x 


_a 

3x 


T 

is  defined  by 


_3  [3£lT 
3x  3x 


ii- 


iip_ 


ax  2 


3xi 3x2 


iE 


2x23Xl 


3lx 


2  J 


Therefore 


BY  BT 
u  3x 


T 

-"m  . 

m.  “1 

3£ 

11 

12 

3x 

-"21 

m22„ 

}L£- 

3xj^ 


1JE. 


3xl3x2 


iJL 


5jl 


l3x23x1 


DX 


2  -i 


m 


11 


+  m 


3x, 


12 


A 


3VX1 


m 


21 


A 


3x13x2 


+  22 


A 


Sx22 


It  follows  that  the  second  term  is  obtained  by  summing  the 
diagonal  elements  of  the  preceding  matrix  and  multiplying  by 
0.5;  i.e- , 
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»_  .  -a  at .  t .  am  in^M 


0.5tr  j~B’J'BT  iL_/ii!EVr"j  =  0.5  m, .  +  (m  +m  ) _ -B- 

[  u  3x3xi  ■  11  3x^2  12  23,3x13x2 

+  m  _i_£ 

22  3*2^  .  (2.2.1-10) 

Adding  Equations  2. 2. 1-9  and  2.2.1-10/  the  desired  result  is 
obtained : 

ft"  =  "aHp  'af2,  (aHXl  +  al2X2J  “a22p"  'af?(a2lXl  +  a22x2) 


+  11  3  p  +  12 _ 21 

2  3xj/  2 


3p  a.  m22  32P 

- +  - ^  (2.2.1-11) 

?x13x2  2  3x22 


Computer  Solution  for  the  Fokker-Planck  Equation 

The  explicit  form  of  the  finite-difference  technique 
is  used  in  a  computer  program  to  solve  the  previously  described 
Fokker-Planck  equation  (Equation  2.2.1-11).  ir.  using  this 
method  to  solve  a  partial  differential  equation,  a  network  of 
grid  points  is  first  established  throughout  the  region  of 
interest  occupied  by  the  independent  variables.  The  exact 
solution  to  the  partial -differential  equation  is  approximated 
at  each  grid  point  by  the  method  of  finite  differences  (Appendix 
C) .  For  the  Fokker-Planck  implementation  of  the  second  order 
system  given  in  Equation  2. 2. 1-4,  the  network  of  grid  points 
has  been  set  up  as  follows  where  x1  and  x 2  represent  lateral 
deviation  and  heading  angle,  respectively. 


MAX 

(i2=N2) 


MIN 

(i2=l) 


A?2- 

Time  is  the  third  inde¬ 
pendent  variable  and  is 
perpendicular  to  the 
grid  shown;  i.e.,  this 
grid  is  repeated  every 
At  sec. 


MIN 

(il=l) 


MAX 

(il=Nl) 


In  the  above  figure,  Ax^  and  Ax^  are  obtained  as  follows: 


tnJr  V.Ni.V'4  *  v:  ^  lJn 


a2p(x1(t)  ,x2(t) )  ^  Pji+i,i2+l.n~Pil-l,i2+l,n~Pil+l,i2-l,n 


8x13x2 
P. 


4Ax^Ax2 


j.  il-lfi2-l,n 


4Ax, Ax„ 
1  2 


Thus  the  partial  derivatives  at  the  grid  point  (il,  i2,  n) 
involve  the  surrounding  grid  points  as  shown: 


(il,i2+l,n) 


— -♦ (il+l,i2+l,n) 


4il+l,i2-l,n) 


Letting  n+1  represent  (t  +At) ,  the  partial  of  the  joint  density 
with  respect  to  time  (i.e.,  the  left-hand  side  of  Equation 
2.2.1-11)  is  approximated  as  follow?: 

3p(Xl(t) ,x2(t))  ^  Pii.i2.n+1  1  Pjl,i2tn 

3t  At 


Substituting  these  equations  into  the  second  order  Fokker-Planck 
equation  (Equation  2.2.1-11),  the  following  is  obtained: 


Pil, i2  ,n+l~Pj  i .  j  2  . n  =  -a  p-(g_il+l,i2  fiTPil-l,  i2  ,n\ 
At  -X  \  2AXl  / 


{allxl+a12x2] 


-a22p-p-Ui2+^n-PU,i2-1,n)  (a21x1+a22x2) 
.  fPiL-l4i2,n-2Pii,j2.n+Pil-H.i2.n\  + 

2  '  (Axi)^  / 


+ 


mi2+m 


21  . 


2 
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•  pil+l .  i.2+1  .n~Pj.l-l .  i2+l ,n~pil+l ,  i2~l  ,n+Pjl-l .  i2-l  .n 


4Ax^AX2 

Jj!2  •  Pil>i2-1  .n~2Pilfi2#nlPjl,i2+l.n 
•5  (ax2)2 


(2.2.1-12) 


The  equation  is  then  multiplied  through  by  At,  and  j_2  n  •‘•s 
added  to  both  sides  of  the  equation,  so  that  an  explicit 
equation  for  Pj.i,i2,n+1  results. 

The  following  initial  conditions  are  used  in  the 
solution  of  this  equation  since  the  states  are  assumed  to  be 
independent  initially: 

p(x1(t0) ,x2(t0))  =  p(x1(tD))  P(x2 (tD) ) 


The  initial  density  function  for  the  lateral  deviation  state 
is  defined  from  the  measured  distribution  data  (Section  2.3). 

It  should  be  noted  at  this  point  that  the  Fokker-Planck  equation 
can  be  initialized  using  any  continuous  density  function 
which  appears  to  represent  the  most  accurate  lateral  error 
distribution.  The  initial  state  distributions  are  discussed 
in  Section  2.4.3  (nominal  model)  and  Section  2.5  and  are 
provided  in  Appendix  G. 

The  joint  density  values  for  the  grid  points  must 
be  supplied  at  time  t  .  Grid  point  values  at  t  =  (t  +  At)  are 
computed  explicitly  using  Equation  2.2.1-12.  The  values  at 
t  =  (t  +  At)  are  then  used  to  compute  the  grid  point  values 
at  t  =° (t  +  2 At) . 

The  boundary  conditions  which  have  been  used  for 
this  computer  solution  are  as  follows: 

Pil,i2,n  =  0  if  ii=l,  il=Nl,  i2=l,  or  i2=N2 


In  other  words,  the  joint  probability  density  function  is  set 
equal  to  zero  at  the  outer  points  of  the  grid.  Depending  on 
the  number  of  grid  points  and  distribution  accuracy  require¬ 
ments,  these  outer  points  may  correspond  to  8a  or  greater. 

The  lateral  deviation  marginal  density  function  can 
be  obtained  from  the  joint  density  function  at  each  point  in 
time  (every  At).  Likewise,  the  density  function  for  the 
remaining  state,  heading  angle,  can  be  obtained  easily  in  a 
similar  manner.  The  lateral  deviation  density  function  is 
obtained  as  follows: 
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p  (v  f  ) )  =  f  p  (xi  (t)  ,x2  (t.) )  dx2 


The  computer  program  uses  trapezoidal  integration 


to  obtain  p (x^ (t) )  as  follows: 


?jj  n  =  ax2/0.5  Pllfl,n  +  Pii/2,n  +  •**  +  Pil,N2-l,n 
+  °‘5  Pil,N2,n) 


The'-  •  .2,  p  (x^t) )  „s  obtained  at  each  grid  point  in  the  x_L 

dir  ;^on.  Specification  of  the  number  of  grid  points  is 


dependent  on  the  distribution  curve  accuracy  requirements. 

A  complete  description  of  the  computer  program 
including  flow  charts,  listings,  and  operating  instructions 
is  included  in  the  User's  Manual. 
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CHECKOUT/VERIFICATION  OF  FOKKER-PLANCK  METHOD 


2. 2. 2.1  Gaussian  Density  Comparison 

In  order  to  verify  the  domputer  solution  of  the 
Fokker-Planck  equation  described  in  Section  2. 2. 1.3,  gauss ian 
processes  were  used  for  the  input  and  initial  conditions. 

When  gaussian  processes  are  input  into  a  linear  system,'  the 
output  is  gaussian.  The  output  of  the  second  order  i linear 
system,  the  lateral  deviation,  should  therefor  have  a  gaussian 
density  function  for  gaussian  inputs  if  the  solution  of  the 
Fokker-Planck  is  correct. 

The  reduced  second  order  linear  system  described 
in  Section  2. 2. 1.2  was  used  to  check  out  the  Fokker-Planck 
equation.  This  system  is  giver  by 


x  =  Ax  +  Bu 


where 
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and  u  is  a  scalar  noise  input  such  that 
cov{u(t)  ,u(t)  }  =  4'u  =  (150)^ 

The  lateral  deviation  (x  )  -?nd  heading  angle  (x  )  were  assumed 
to  have  gaussian  density'  -  unctions  at  time  equal  zero.  The 
mean  and  standard  deviation  were  chosen  arbitrarily  as  follows: 

o  =  150.  feet  a  -  ,1  radians 
*1  x2 


y  =0.  feet 
X1 


y  ~  0.  radians 
X2 


The  computer  solution  for  this  check-out  example  used  the 
following  grid  parameters : 


X1  MAX  =  600 •  feSt 


X1MIN  ‘  -60°-  fSet 


X2  MAX  =  -4  radianS 


x„  =  -.4  dians 
2  MIN 


refer  to 
Section  2.2.1. 3 


At  =  .1  second  / 

Figures  2.2. 2-1.  2. 2. 2-2,  2. 2. 2-3,  and  2. 2. 2-4 
represent  the  lateral  deviation  density  function  obtained  from 
the  computer  program  at  1  second,  10  seconds,  20  seconds,  and 
30  seconds,  respectively.  The  standard  deviation  and  mean  for 
each  of  these  curves  was  obtained  from  the  computer  program. 

A  gaussian  curve  with  the  same  standard  deviation  and  mean  was 
also  plotted  on  each  graph  in  order  that  the  lateral  deviation 
density  function  could  be  compared  to  a  gaussian  curve.  The 
results  obtained  indicate  negligible  differences  between  the 
theoretical  gaussian  densities  and  the  Fokker-Planck  solution; 
therefore,  the  Fokker-Planck,  solution  is  considered  to  be 
verified. 
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Lateral  Distance  -  Ft. 
Figure  2. 2. 2-1 


Lateral  Deviation  Density  Function  at  One  Second 
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Lateral  Deviation  Density  Function  at  Ten  Seconds 
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Lateral  Deviation  Density  Function  at  Twenty  Seconds 
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600.  Lateral  Distance  -  Ft.  0 

Figure  2. 2. 2-4 

Lateral  Deviation  Density  Function  at  Thirty  Seconds 
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2 . 2 . 2 . 2  Lateral  Deviation  Variance  Response 

Another  check,  on  the  I okker-Planck  solution  was, 
to  compare  the  variance  of  the  lateral  deviation  from  the 
Fokker-Planck  solution  (reduced  second  order  system)  with  that 
from  the  classical  linear  gaussian  solution  ($ixth  order 
system)  described  in  Appendix  D.  The  system  parameters  and, 
initial  conditions  described  in  Section  2.2. 2.1  were  used 
to  make  this  comparison.  Since  both  methods  used  gaussian 
processes  with  the  same  linear  system,  the  variances  of  the 
two  output  lateral  deviation  density  functions  should  be 
approximately  equal.  These  functions  will  be  approximately 
equal,  rather  than  exactly  equal,  due  to  different  error  sources 
in  the  two  methods.  The  variance  propagation  technique 
accumulates  errors  introduced  by  the  integration  (Runga-Kutta) 
technique.  The  Fokker-Planck  has  error  sources  introduced  by 
the  integration  technique  (trapezoidal)  used  in  the  solution 
of  partial  differential  equations  by  the  method  of  finite 
differences  and  by  the  grid  spacing.  The  standard  deviation 
of  the  lateral  deviation  density  function  is  plotted  versus 
time  in  Figure  2. 2. 2-5  for  each  method.  As  shown  in  the 
figure,  the  maximum  deviation  between  the  two  curves  is  only 
five  feet  (3%  difference);  therefore,  the  Fokker-Plahck  method 
of  propagating  distributions  is  verified. 
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SECTION  2.3 


MEASURED  DISTRIBUTIONS 

The  characteristics  of  various  approach  systems  have 
been  recorded  in  the  form  of  trajectory  information  from  a 
finite  sample  of  aircraft  flying  IFR  approaches.  This  informa¬ 
tion  has  been  reduced  and  processed  to  enable  both  vertical  and 
lateral  error  distributions  (measured  distribution  data)  to  be 
obtained  at  discrete  points  in  range.  Data  has  been  collected 
jointly  by  the  FAA  and  Resalab  for  the  various  approach  systems 
considered  in  this  study. 

Since  the  measured  distribution  data  has  been 
derived  from  a  finite  number  of  samples,  only  certain  reliable 
information  is  available  from  this  data.  Generally,  the  sample 
size  is  sufficient  to  warrant  accurate  estimates  of  the  mean 
and  variance  of  the  data;  however,  in  some  cases,  the  sample 
size  is  too  small  to  accurately  estimate  the  variance.  The 
sample  size  is  generally  not  sufficient  to  accurately  deter¬ 
mine  the  shape  of  the  distribution,  particularly  in  the  region 
of  the  tails.  The  data  is  available  only  at  discrete  points  in 
range.  Due  to  these  limitations  on  the  measured  distribution 
data,  it  is  necessary  to  utilize  other  techniques  such  as  the 
Fokker-Planck  technique  or  the  linear  gaussian  variance  propaga¬ 
tion  technique  to  generate  the  probability  density  function  for 
use  in  the  probability  of  collision  determination.  Where  no 
data  exists,  the  distributions  were  derived,  based  on  reasonable 
assumptions . 

The  measured  distribution  data  was  utilized  in  this 
study  for  three  reasons: 

1)  to  verify  that  the  models,  as  formulated,  are, 

*  in  fact,  good  representations  of  the  actual 

systems  (Sections  2.4  and  2.5), 

2)  to  provide  the  initial  distributions  for  the 
various  techniques  utilized  to  generate  the 
probability  density  functions  (Section  2.5), 
and 

3)  to  provide  vertical  error  distributions  for 
use  in  the  probability  of  collision  determina¬ 
tion  (Section  2.6). 

This  section  identifies  the  lateral,  vertical,  and 
longitudinal  measured  distributions  for  the  systems  listed  in 
Table  2.3-1.  Measured  distribution  data  is  available  for  all  of 


Preceding  page  blank 
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Table  2.3-1  Required  Measured  Distributions 


Distribution 

System 

Lateral 

FC-ILS-  INOM-CTOL* 
FC-ILS-I-CTOL 

FC-ILS -I I-CTOL 

BC-ILS-I-CTOL 

VOR-CTOL 

FC-ILS- I-STOL 

Vertical 

FC-ILS-I-CTOL 

FC-ILS- I-STOL 

Longitudinal 

FC-ILS-I-CTOL 

♦Nominal  Measured  Distribution  Data 


these  systems  with  the  exception  of  the  system  specified  for  the 
longitudinal  distribution.  In  this  case,  data  was  derived, 
based  on  assumed  operational  procedures. 

The  techniques  used  by  Resalab  to  collect,  reduce, 
and  process  the  data  from  Charleston,  S.  C.,  is  discussed  in 
Section  2.3.1.  Basically,  the  technique  uses  a  precision 
approach  radar  (PAR)  as  a  measurement  and  display  system.  The 
displayed  position  is  recorded  photographically  and  reduced 
with  a  computer  controlled  microdensitometer.  Once  the 
Charleston  data  is  reduced,  it  can  be  combined  with  the  data 
collected  by  the  FAA  at  other  airports  to  provide  a  more 
representative  data  base. 

The  distribution  data  used  in  the  lateral  separa¬ 
tion  project  is  discussed  ir.  Section  2.3.2  and  may  be  divided 
into  three  classes,  depending  upon  the  characteristics  of  the 
data.  These  classes  characterize: 

1)  systems  for  which  t-eld  da^a  has  been  collected 
but  no  assumptions  made  concerning  the  distribu¬ 
tion, 

2)  systems  for  which  field  date,  has  been  collected 
and  the  distributions  -ssumed  gaussian, 

3)  systems  for  which  no  fxeld  data  has  been  col¬ 
lected,  therefore,  the  required  distribution 
must  be  inferred  from  assumptions. 
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The  validity  of  using  the  collected  data  as  repre¬ 
sentations  of  generalized  systems  is  examined  in  Section  2.3.3. 

The  resulting  distributions  for  each  of  the  re¬ 
quired  systems  are  discussed  in  Section  3.1  and  presented  in 
Appendix  E. 

2.3.1  TECHNIQUES  USED  TO  COLLECT ,  REDUCE.  AND  PROCESS 

DISTRIBUTION  DATA 

A  review  of  the  available  distribution  data  indica¬ 
ted  that  additional  lateral  data  were  required  for  BC-ILS-I-CTOL 
and  VOR-CTOL.  These  approach  systems  are  alternates  to  a  front 
course  approach;  and  at  several  airports,  one  (or  both)  of  these 
is  available  to  a  runway  parallel  to  a  FC-ILS  runway.  Measure¬ 
ment  of  the  lateral  distribution  of  errors  on  approaches  using 
BC  and  VOR  was  conducted  at  Charleston  by  Resalab.  When  meteo¬ 
rological  conditions  dictated  the  use  of  the  FC  approach,  these 
data  were  also  collected.  The  techniques  of  collecting,  reduc¬ 
ing,  and  processing  the  data  are  discussed  below  and  illustra¬ 
ted  in  Figure  2. 3.1-1.  The  errors  induced  by  the  collection  and 
reduction  of  the  data  are  also  examined. 

2. 3.1.1  Data  Collection 
Method 

The  method  used  to  collect  the  distribution  data  is 
to  record  the  aircraft  position  at  various  times.  The  aircraft 
position  is  presented  on  the  PAR  scope  and  recorded  on  photo¬ 
graphic  film.  The  camera  was  rigidly  mounted  approximately  24 
inches  from  the  PAR  scope  face  and  the  shutter  held  open  for  the 
duration  of  an  approach.  This  technique  results  in  a  recording 
of  the  aircraft  position  for  every  sweep  of  the  PAR  antenna.  A 
representative  example  of  a  recorded  approach  is  given  in  Figure 
2. 3. 1-2.  The  range  history  of  aircraft  position  has  the  appear¬ 
ance  of  a  "smoke  trail"  in  the  photograph.  The  actual  aircraft 
trajectory  lies  in  the  center  of  the  aircraft  track  shown  in  the 
figure.  The  upper  trace  shows  the  elevation  vs  range  history  of 
the  aircraft;  the  lower  trace  shows  the  azimuth  vs  range  history. 

Additional  data  was  collected  concerning  the  meteo¬ 
rological  conditions  that  existed  during  the  approach.  This 
data  included  the  ceiling,  visability,  wind  conditions,  and  the 
altitude  at  which  the  pilot  converted  from  instrument  guidance 
to  visual  guidance  (breakout  altitude).  The  breakout  altitude 
and  the  type  of  equipment  used  to  accomplish  the  approach  was 
determined  from  the  pilot  when  operations  permitted. 


Figure 
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Figure  2.3. 1-2.  Sample  Photograph  of  Collected  Data 


The  PAR,  in  this  application,  acts  as  a  data  col¬ 
lection  and  presentation  device  while  the  camera  acts  as  a 
recording  device.  The  recording  medium  is  the  film. 

The  PAR  at  Charleston  is  an  AN/MPN-13.  This  system 
has  a  45kw  X  band  transmitter  that  is  time-shared  between  two 
antennas .  One  of  these  antennas  sweeps  horizontally,  the  other 
vertically.  The  action  of  these  two  antennas  determines  the 
position  of  the  aircraft,  in  one  case,  in  azimuth  angle  and 
range,  and  in  the  other  case,  in  elevation  angle  and  range;  * 

thus,  the  aircraft  position  in  space  is  defined. 

The  camera  used  to  record  the  PAR  scope  data  is  a 
standard  Cannon  FX  single  lens  reflex  equipped  with  a  50mm 
lens.  At  the  beginning  of  the  approach,  the  shutter  of  the  * 

camera  is  opened  and  held  open  during  the  approach.  This  pro¬ 
duces  a  time  exposure  of  the  aircraft  trajectory  over  the  entire 
approach  as  shown  in  Figure  2. 3. 1-2. 

Errors 

The  specifications  on  the  PAR  indicate  that  the 
range  error  is  within  2  percent  of  true  range  when  true  range 
is  greater  than  0.5  nautical  mile.  The  azimuth  error,  ex¬ 
pressed  in  distance  from  true  position,  is  no  greater  than  0.6 
percent  of  range  plus  10  percent  of  the  target  deviation  from 
the  cursor  (extended  centerline  as  presented  on  the  scope) .  The 
elevation  error  is  less  than  0.3  percent,  of  range  plus  10  per¬ 
cent  of  the  deviation  from  the  optimum  glide  path.  The 
errors  presented  represent  an  upper  bound.  Since  the  PAR  is 
regularly  maintained  and  adjusted,  the  actual  errors  will  be 
significantly  smaller. 

Airport  and  Equipment  Layout 

In  some  measurements,  the  relative  location  of  the 
various  equipment  and  runways  is  required.  One  of  the  more 
critical  dimensions  is  the  offset  of  the  PAR  from  the  runway 
centerline.  This  distance  is  used  to  determine  the  scale 
factor  discussed  in  Section  2. 3. 1.2.  Other  measurements  re¬ 
quired  include  the  position  of  the  localizer  and  VOR.  Figure  * 

2. 3. 1-3  shows  the  position  of  the  PAR  and  other  pertinent 
equipment  with  respect  to  the  runways.  The  lines  through  the 
PAR  site  and  parallel  to  each  runway  are  presented  on  the  scope 
face.  These  lines  indicate  the  PAR  offset  distance  (RO)  used 
for  determination  of  the  scale  factor.  The  distance  from  the 
PAR  to  the  33-15  runway  is  515  feet,  and  the  distance  to  the 
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03-21  runway  is  715  feet.  The  PAR  scope  is  physically  located 
in  the  terminal  building. 

2. 3.1.2  Data  Reduction 

The  data  reduction  effort  in  this  study  was  con¬ 
cerned  with  determining  the  lateral  position  data  of  approach¬ 
ing  aircraft.  This  data  was  obtained  from  the  collected 
data  (discussed  in  Section  2. 3.1.1).  The  procedures  and  equip¬ 
ment  used  and  the  errors  involved  in  this  effort  are  discussed 
below. 

Equipment  and  Methods 

The  equipment  involved  in  the  data  reduction  effort, 
shown  in  Figure  2. 3. 1-4,  includes  a  HP  2116B  computer.  Photo¬ 
metric  Data  Systems  series  1010  Microdensitometer  and  associated 
computer  equipment.  The  microdensitometer  has  a  stage  that  is 
driven  in  the  x  and  y  axes  in  10  micron  (1  micron  =  10-6  meters) 
steps  which  enables  precise  location  measurements  to  be  ob¬ 
tained.  A  location  measurement  can  be  made  by  aligning  the 
desired  point  on  a  transparency  (mounted  on  the  stage)  with  a 
set  of  cross-hairs.  The  area  of  alignment  is  magnified  to 
increase  the  accuracy  of  the  positioning.  The  microdensi¬ 
tometer  stage  position  is  monitored  and  can  be  controlled 
by  the  computer. 

The  data  reduction  method  requires  certain  measure¬ 
ments  to  be  made  from  the  film  at  each  of  the  specified  ranges. 
Due  to  the  number  of  ranges  considered  and  the  number  of  data 
samples  collected,  the  number  of  measurements  required  was 
extremely  large.  The  basic  philosophy  was  to  automate  the 
methods  as  much  as  practical.  The  limit  of  practicality,  in 
this  case,  is  governed  by  the  ratio  of  background  density  to 
signal  density  (on  the  film)  and  by  the  presence  of  unwanted 
returns  and  radar  clutter  (Figure  2. 3. 1-2).  The  presence  of 
these  unwanted  signals  precluded  the  usage  of  some  of  the 
automatic  functions  available  on  the  microdensitometer.  There¬ 
fore,  the  human  operator  was  required  to  make  decisions  con¬ 
cerning  what  was  considered  to  be  signal  and  what  was  noise. 

The  following  paragraphs  discuss  the  general  data  reduction  pro- 
cec  ;r  e . 

The  automatic  portion  of  the  reduction  system  re¬ 
quires  that  the  film  be  aligned  in  such  a  manner  that  the  film 
edge  is  parallel  with  the  x-axis  movement  of  the  microdensito¬ 
meter's  movable  stage.  Once  this  alignment  is  made,  the  stage 
is  manually  driven  to  range  zero  (indicated  radar  site)  and  to 
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each  of  the  indicated  range  marks.  These  positions  are  recorded 
by  the  computer.  Since  the  range  marks  are  logarithmically 
spaced,  the  computer  was  utilized  to  automatically  position  the 
film  at  the  proper  range  settings.  Now  the  measurements  re¬ 
quired  from  the  film  can  be  obtained  speedily.  The  computer, 
using  the  differences  between  the  range  points  and  a  logarith- 
metic  scale  factor,  computes  and  drives  the  stage  to  the  first 
of  the  specified  ranges.  The  operator  then  aligns  the  cross¬ 
hairs  on  the  runway  extended  centerline,  the  PAR  offset  line, 
the  left  and  then  the  right  side  of  the  aircraft  trace  (shown 
in  Figure  2. 3. 1-5).  Each  of  these  measurements  are  recorded  on 


Figure  2.3. 1-5  Data  Reduction  Measurements 

a  command  from  the.  operator.  When  all  programmed  measurements 
are  completed  at  one  range,  the  computer  automatically  calcu¬ 
lates  the  aircraft's  lateral  deviation  and  drives  the  stage  to 
the  next  of  the  specified  ranges  where  the  procedure  is  repea¬ 
ted.  The  computer  prepares  a  copy  of  the  lateral  deviations  at 
each  specified  range  for  visual  checking.  A  paper  tape  is 
produced  containing  the  deviation  data  for  future  processing. 
When  all  required  measurements  on  this  frame  are  completed,  the 
stage  is  driven  to  the  next  frame  and  these  procedures  repeated. 

The  displacement  of  the  aircraft  to  the  left  or 
right  of  the  localizer  (extended  runway  centerline)  is  deter¬ 
mined  from  the  previously  described  PAR  scope  photographs. 
Refering  to  Figure  2. 3.1-5,  it  can  be  seen  that  the  center  of 
the  aircraft  trace  (in  a  lateral  sense)  can  be  determined  from 
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the  average  of  the  measurements  of  DR  and  DL.  The  scale  factor, 


RO/Dg,  can  be  determined  from  the  scope  measurement,  Ds,  and  the 
actual  distance  RO.  Dg  is  the  distance  measured  on  the  scope 
between  the  extended  runway  centerline  and  the  PAR  offset  line. 
The  equation  used  to  determine  the  lateral  deviations  (Y' )  is 


Y'  =  — 


RO  °L  +  dr 


DS 


2 


(2. 3. 1-1) 


where 


( 515  feet;  if  runway  33-15  is  used 
I  715  feet;  if  runway  03-21  is  used 


and  Dg,  Dl,  and  DR  are  defined  in  Figure  2. 3.1-5.  The  scale 
factor,  RO/Dg,  converts  the  measurements  made  on  the  scope 
face  (or  film  image)  to  actual  distances  in  feet. 


Errors 


Regardless  of  the  precision  of  the  instrument,  no 
measurement  device  or  method  gives  the  true  value  for  the  quan¬ 
tity  measured.  Mechanical  inperfections  in  instruments  and  the 
limitations  introduced  by  human  factors  are  such  that  repeated 
measurements  of  the  same  quantity  generally  result  in  dif¬ 
ferent  values.  Variations  among  successive  values  are  caused 
by  errors  in  the  observations.  Errors  fall  into  three  general 
classes  which  may  be  categorized  by  origin.  These  classes  are: 
(1)  measurement  mistakes,  (2)  systematic,  and  (3)  random. 

Measurement  mistakes  are  mistakes  caused  by  misread¬ 
ing  scales,  transposing  figures,  erroneous  computations,  or  care¬ 
less  observers.  They  are  usually  large  and  easily  detected  by 
repeated  measurements. 

Systematic  errors  follow  some  fixed  law  and  are 
generally  constant  in  magnitude  and/or  sign  within  a  series  of 
observations.  The  origin  of  systematic  errors  is  primarily 
within  the  measuring  device.  Causes  of  systematic  errors 
include  faulty  instrument  calibration,  errors  inherent  in  the 
graduation  of  scales,  and  changes  in  performance  resulting  from 
variations  in  the  environment,  primarily,  temperature  and 
humidity.  Systematic  errors  can  be  eliminated  or  substantially 
reduced  when  the  cause  is  known. 

Random  errors  are  those  remaining  after  measure¬ 
ment  mistakes  and  systematic  errors  have  been  removed.  They 
result  from  accidental  and  unknown  combinations  of  causes 
beyond  the  control  of  the  observer.  Random  errors  are  charac¬ 
terized  by:  (1)  variation  in  sign — positive  and  negative 


2-109 


ilttaiB'nr.i.m-.r.,,-  . . -  tot . 


6 

A 


i 

j 

j  errors  occurring  with  equal  frequency,  (2)  small  errors  occur - 

*  ring  more  frequently  than  large  errors,  and  (3)  extremely  large 

errors  rarely  occurring. 

The  design  and  operation  of  the  data  reduction  sys¬ 
tem  considered  the  error  sources  noted  above.  For  instance, 
errors  in  scale  reading  by  the  operator  were  eliminated  entire¬ 
ly,  since  the  scale  readinq  function  is  accomplished  by  the 
computer  at  the  command  of  the  operator.  Most  measurement 

mistakes  can  be  identified  and  consequently  eliminated  by  plot¬ 
ting  the  reduced  data  and  comparing  it  to  the  original  data.' 
Systematic  errors  are  minimized  because  the  resultant  measure-, 
merit  depends  on  differences  of  measurements;  therefore,  any 
system  bias  is  eliminated. 

For  the  above  reasons,  the  measurement  mistakes  and 
systematic  errors  are  assumed  to  have  been  essentially  elimi¬ 
nated  by  the  data  reduction  technique;  therefore,  the  remainder 
of  this  section  is  concerned  with  the  effects  of  human  induced 
random  errors.  Random  errors,  usually  introduced  by  .placement 
or  reading  of  a  scale  or  hairline  are  minimized  but  not  elimi-' 
nated  by  providing  the  operator  with  significant  magnification 
of  the  film  area  being  measured.  Furthermore,  the  propagation 
of  human  (random)  errors  from  the  source  (particular  measure¬ 
ment)  through  the  end  result  can  be  determined.  These  results 
then  aid  in  determining  possible  improvements  to  the  data 
collection  system  and/or  instill  confidence  in  the  data  itself. 
The  errors  in  the  measurement/display  system  (PAR)  have  been 
previously  discussed.  This  analysis  of  data  reduction  system 
errors  assumes  that  the  indicated  aircraft  position  (on  the 
PAR)  is  absolutely  correct.  Thus,  this  analysis  is  of  the 
error  introduced  solely  by  the  human  operator  of  the  reduction 
system. 

Considering  that 


where  the  superscript  A  indicates  the  actual  value  of  (Figure 
2. 3. 1-5)  and  the  superscript  M  indicates  measured  values.  Note 
also  that 


and 
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The  measurement  errors,  '  an<^  £d  are  assumec^  ,^e 


gaussian  distributed  random  variables  with  mean  equal  to  zero 
and  variance  equal  to  nQ  .  , 


■  s  =X(0,oD2) 

L  i 

I 

£D  =N<°'aD2» 

R 

i 

.  ■  i 

,  e  .  =  n(0,?d2) 

s 

I 

I 

eD  ,  eD  ,  and  eD  represent  the  human  induced  errors  of  posi- 
,  L  i  R  S 

tioning  the  reading  instrument  on  the  proper  point.  From  Equa 
tion  2. 3. 1-1,  and  the  above  discussion,  it  follows  that  , 


,  , .  A  ,  ,.M 
e  •  =  (Y‘ )  -  (Y' ) 


With  appropriate  substitutions,  the  above  equation  can  be 
rewritten  as 


The  errors  have  been  assumed  to  be  gaussian  and 
independent.  A  Monte  Carlo  simulation  was  run  for  a  typical 
case  with  the  measurements  listed  below. 

I 

Range  =  3  miles 

Y'  •=?  700  feet  i 
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eD  =  N(0,.01252) 

L 

eD  =  N(0,.01252) 
R 

e  =  N(0,.01252) 

°S 

D  =  1.0  mm 

L 

A 

D  =  1.8  mm 

R 


=  1.0  mm 


RO  =  515  feet 

The  results  of  this  simulation  determined  that  the  mean  of  the 
human  induced  error  in  the  aircraft  position  is  0.229  feet,  and 
the  standard  deviation  is  7.942  feet.  The  example  presented  is 
assumed  to  be  representative  of  a  typical  data  reduction  point. 


2. 3. 1.3  Data  Processing 

The  lateral  error  distribution  data  is  processed 
and  presented  in  two  forms.  One  form  is  the  mean  and  variance 
at  each  specified  range.  The  equation  to  determine  the  mean  is 

1  n 

X  =  L  Y . 

n  i-1  1 

and  the  variance  is 


(y*  -  y)‘ 


The  other  form  is  a  tabular  presentation  of  histo¬ 
gram  data  with  partitions  spaced  laterally  ten  meters  (32.8 
feet)  apart.  These  data  forms  are  consistent  with  the  forms  of 
data  previously  collected.  The  partitioning  for  the  histogram 
data  was  done  at  10  meter  intervals  with  a  partition  boundary 
coincident  with  the  extended  runway  centerline.  This  is  consis¬ 
tent  with  previous  data  collection  efforts  conducted  by  the  FAA. 
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.3.2  MEASURED  DISTRIBUTION  DETERMINATION 

As  stated  previously,  it  was  necessary  to  determine 
measured  distributions  for  the  systems  listed  in  Table  2.3-1. 
This  section  presents  the  methods  used  to  determine  the  distri¬ 
butions  for  each  of  these  systems.  Measured  distribution  data 
can  be  summarized  and  presented  in  a  variety  of  forms.  The  most 
advantageous  presentation  depends  in  part  on  assumptions  con¬ 
cerning  the  characterization  of  the  distribution  shape  and  on 
the  ultimate  use  of  the  data.  The  distribution  data  used  in  the 
lateral  separation  project  may  be  divided  into  three  classes 
depending  upon  the  characteristics  of  the  data.  These  classes 
characterize: 

1.  systems  for  which  field  data  has  been  collected  and 
the  distribution  is  presented  in  a  tabular  form  of  a 
histogram  and/or  mean  and  standard  deviation  tables; 

2.  systems  for  which  field  data  has  been  collected  and 
the  distribution  is  assumed  gaussian; 

3.  systems  for  which  no  field  data  has  been  collected. 

These  classes  are  briefly  discussed  in  the  sect  'ns  which 
follow. 

2. 3. 2.1  Tabular  Distribution  Data 

A  common  method  of  presenting  measured  distribution 
data  is  a  tabular  form  of  histogram  or  mean  and  standard 
deviation  data.  The  systems  from  Table  2.3-1  which  fall  into 
this  class  and  require  lateral  distributions,  are  contained  in 
Table  2. 3.2-1.  The  sources  of  the  collected  data  which  were 
combined  to  obtain  the  resulting  distributions  are  also  indi¬ 
cated  in  the  table. 

Data  for  these  systems  are  presented  in  two  forms. 
One  form  is  the  sample  mean  and  standard  deviation  at  each  of 
the  specified  ranges;  the  other  form  is  a  table  of  histogram 
data  from  observed  data.  An  example  of  the  mean  and  standard 
deviation  data  is  given  in  Table  2. 3. 2-2  for  the  FC-ILS-I-CTOL 
system.  An  example  of  the  histogram  form  of  data  presentation 
is  given  in  Table  2. 3.2-3.  The  complete  data  set  for  each  of 
the  above  systems  is  given  in  Appendix  E.  The  histogram  data 
is  presented  at  the  same  specific  ranges  as  the  mean  and  stan¬ 
dard  deviation  data.  The  range  to  touchdown  is  given  in  meters 
across  the  top  of  the  page.  The  lateral  deviations  are  given 
in  multiples  of  the  partition  intervals  on  the  vertical  axis. 

The  partition  intervals  are  five  or  ten  meters  as  noted  in 
Table  2.3. 2-3.  The  numbers  in  the  body  of  the  table  represent 


Table  2. 3. 2-1  Class  1  Systems 


System 


Lateral 

FC-ILS- INOM-CTOL 


FC-ILS-I-CTOL 


FC-ILS- II-CTOL 


BC-ILS-I-CTOL 


VOR-CTOL 


Vertical 

FC-ILS-I-CTOL 


Data  Sources 


Atlanta  and  Chicago 
O' Hare  Airports 

Chicago  O' Hare,  Portland, 
and  Charleston  Airports 

Atlanta  Airport 

Reference  1  ahd 
Charleston  Airport 

Reference  1,  NAFEC* ,  and 
Charleston  Airport 


Chicago  O' here  and 
Portland  Airports 


♦National  Aviation  Facilities  Experimental  Center, 
Atlantic  City,  N.  J. 

the  number  of  aircraft  observed  in  the  indicated  partition  at 
the  indicated  range. 

Gaussian  Distributed  Data 


Where  the  processing  of  the  published  data  has  pre¬ 
sumed  gaussian  distributions,  these  assumptions  are  maintained. 
Specifically,  the  systems  of  Table  2.3-1  for  which  gaussian  dis¬ 
tributions  have  been  assumed  are  contained  in  Table  2. 3. 2-4. 
When  the  data  is  presumed  to  be  distributed  according  to  the 
gaussian  distribution  laws,  the  entire  distribution  is  com¬ 
pletely  described  by  the  mean  and  variance.  Generally,  the 
reported  means  of  the  data  have  been  small.  A  representative 
example  of  the  lateral  deviation  standard  deviation  .is  given  in 
Figure  2. 3.2-1  for  a  FC-ILS-I-STOL  (Lateral).  The  distribution 
data  for  all  of  the  above  systems  is  presented  in  Appendix  E. 

2. 3. 2. 3  Systems  with  No  Collected  Data 


In  the  consideration  of  dependent  parallel  IFR 
operations  for  CTOL  aircraft,  it  was  necessary  to  determine  the 
longitudinal  spacing  distribution  about  a  nominal  longitudinal 
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Table  2. 3. 2-2 

and  Standard  Deviation  Versus  Range  for 
FC-ILS-I-CTOL  -  Lateral* 


iwinge , 


600 
1  200 
1  SCO 
2400 
3000 
3600 
4  200 
^  800 
5400 
6000 
6600 
7500 

8100 

nn  r\r\ 
o  /  U  \J 

yjuu 
9900 
]  0500 
11100 
11700 
12300 
12900 
13500 
14100 
14700 
15300 
15900 


Humber 


Mean , 
meters 

Standard 

Deviation, 

meters 

-.0161 

11.8943 

-3.0435 

22.0739 

-5.2973 

26.4976 

-6.7594 

31.9236 

-2.8728 

35.8871 

1.6535 

37.7171 

8.9878 

43.6031 

8.3098 

46.9545 

8.4069 

53.4125 

6.9212 

61.9026 

2.9729 

68.5199 

14.46 

75.30 

11.83 

83.99 

7.67 

90.20 

6.37 

93.00 

4.83 

97.60 

12.93 

92.45 

16.36 

91.98 

17.42 

94.11 

21.30 

100.43 

26.29 

96.41 

28.54 

102.12 

28.99 

103.63 

33.03 

103.14 

27.42 

97.75 

25.53 

_x3 . 84 

♦Charleston  data  is  included  in  the  range  interval  from  1200 
meters  to  5600  meters,  inclusive,  but  not  elsewhere,  since 
the  data  collection  ranges  were  not  coincident  elsewhere. 
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Tiole  2. 3.2-3  Distribution  of  Lateral  Displacements  for 
FC-ILS-I-CTOL  -  Lateral** 


jPartition 
'^Interval  _ 


Range,  hundreds  of  meters 
6*  12*  18-*  24  30  36  42  48 
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*At  these  ranges ,  the  partitions’  axe  at  five  meter  intervals ; 
elsewhere,  the  pa»*citions  are  at  ten  meter  intervals. 
**Charleston  data  is  included  in  the  range  interval  from  1200 
meters  to  6600  meters,  inclusive,  but  not  elsewhere,  since  the 
data  collection  ranges  were  not  coincident  elsewnere. 
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Table  2. 3. 2-4  Class  2  Systems 


Distribution 

Required 

System 

Data  Sources 

Lateral 

FC-ILS-I-STOL 

Reference  2 

Vertical 

FC-ILS-I-STOL 

Reference  2 

location.  Since  no  measured  data  of  this  type  was  available, 
it  was  necessary  to  make  certain  assumptions  concerning  this 
data  for  the  FC-ILS-I-CTOL  (longitudinal)  system.  It  was 
assumed  that  the  aircraft  velocity  was  normally  distributed 
about  a  nominal  mean  approach  velocity,  V,  with  a  standard 
deviation,  o^. 


Standard  procedures  require  that  the  final  approach  be  held 
"close"  with  respect  to  the  recommended  final  approach  speed. 
Based  on  conversations  with  experienced  pilots,  the  standard 
deviation  of  the  velocity  distribution  was  assumed  to  be  five 
knots.  With  this  assumption  and  the  following  equation 


t 


it  can  be  shown  that  the  distribution  on  X'  is  also  gaussian. 
X'  =  n(x',ox,2) 

X'  =  X'  -  vt 
o 


X' 


V 


where 


<* 
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X'  ~  longitudinal  location,  feet 

X'  ~  mean  longitudinal  location,  feet 

a  ,  ~  longitudinal  location  standard  deviation,  feet 

X^  ~  initial  longitudinal  location,  feet 

V  ~  aircraft  mean  velocity,  feet/second  (assumed  to  be 
236.444  feet/second  for  CTOL  aircraft) 


°V  ~  velocity  distribution  standard  deviation,  ft/sec 
(assumed  to  be  8.444  feet/second) 

t  ~  time  from  the  point  where  the  aircraft  velocity 
control  is  initiated,  sec 

2.3.3  MEASURED  DISTRIBUTION  DATA  VALIDITY 

The  resulting  combined  data  representing  each  sys¬ 
tem  of  Table  2.3-1  must  be  checked  carefully  to  verify  that  the 
data  represents  that  system.  Possible  problem  sources  which 
might  affect  the  validity  of  the  data  are  discussed  below.  The 
problem  sources  and  their  effects  on  the  measured  distribu¬ 
tion  data  are  discussed  in  further  detail  in  Section  3.1. 

Turn-on  Range 

To  be  able  to  combine  data  collected  ac  various 
airports  or  to  obtain  meaningful  comparisons  between  various 
approach  systems,  the  collected  data  should  be  taken  from 
sources  having  comparable  turn-on  ranges.  Furthermore,  the 
turn-on  range  for  each  set  of  data  needs  to  be  identified  in 
order  to  exclude  that  data  associated  with  the  "delivery" 
technique  before  turn-on. 

The  turn-on  range  is  governed,  in  part,  by  the 
traffic  rate.  If  the  traffic  rate  is  high,  there  is  a  ten¬ 
dency  to  have  the  aircraft  "in  trail"  at  longer  ranges,  some¬ 
times  as  much  as  20  to  25  miles.  This  gives  the  pilot  con¬ 
siderably  greater  time  to  establish  a  better  track  on  the 
ILS  (or  VOR)  beam  and,  therefore,  a  finer  definition  of  the  re¬ 
quired  wind  correction  angle.  Under  these  circumstances,  the 
distribution  at  the  outer  marker  will  be  much  narrower  than  the 
distribution  for  those  aircraft  that  turn-on  within  one  or  two 
miles  of  the  outer  marker.  Turn-on  range  data  is  presented  in 
Section  3.1.2. 
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Turn-on  Direction  and  Overshoot 

At  some  airports  with  parallel  runways,  the  standard 
traffic  patterns  are  prescribed  so  that  the  uurn-on  to  the 
final  approach  to  a  right-hand  runway  of  a  pair  of  parallel 
runways  will  normally  require  a  right  turn  (as  viewed  by  the 
pilot).  Conversely,  the  left  runway  normally  requires  a  left 
turn.  Presently,  procedures  state  that  the  turn-on  to  the  final 
approach  to  each  of  the  parallel  independent  runways  shall  occur 
with  a  minimum  of  1000  feet  vertical  separation  between  the  two 
aircraft.  This  procedure  minimizes  the  effects  of  overshoots 
which  occur  at  turn-on.  However,  if  in  the  future  the  pro¬ 
cedures  are  changed  such  that  the  1000  feet  vertical  separation 
requirement  is  eliminated  or  reduced,  it  will  be  necessary  to 
consider  the  effects  of  overshoots.  For  this  reason,  an 
analysis  was  conducted  on  the  front  course  and  back  course  data 
collected  at  Charleston,  S.  C.,  in  order  to  determine  the  amount 
of  overshoot  at  turn-on  and  the  direction  of  turn-on.  The 
results  of  this  analysis  are  contained  in  Section  3.1.2. 

Overshoot  as  used  in  this  analysis  is  defined  as 
the  distance  that  an  aircraft  travels  beyond  the  extended 
runway  centerline  measured  on  the  opposite  side  from  the  turn-on 
direction. 

Sample  Size 

When  collecting  data  for  the  purpose  of  determin¬ 
ing  the  error  distribution,  it  is  necessary  to  collect  suffi¬ 
cient  data  to  assure  an  adequate  sample.  When  the  class  of 
distributions  cannot  be  predetermined,  but  must  be  derived,  the 
usual  method  of  determining  an  adequate  sample  size  is  by  the 
method  of  convergence.  In  this  method,  the  data  collection 
activity  is  continued  until  the  mean,  variance,  or  any  other 
required  distribution  parameters  converge  to  a  constant  value 
and  the  parameters  do  not  change  with  the  addition  of  new  data. 

Since  most  of  the  data  was  obtained  in  a  reduced 
form  from  previous  data  collection  efforts,  it  was  not  possible 
to  use  convergence  technique  co  determine  the  existence  of 
an  adequate  sample  size.  However,  by  comparing  the  trend  of 
the  standard  deviations  of  the  data  at  various  ranges  and  the 
number  of  data  points  available  at  those  ranges,  it  is  possible 
to  make  some  general  observations  concerning  the  sample  size. 
These  observations  are  contained  in  Section  2.3.3. 

Ground  Proximity 

Operational  problems  at  short  ranges  include  an 
acute  awareness  by  the  pilot  of  the  ground  proximity  and  the 
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effects  on  the  pilot  at  breakout  into  VFR  conditions.  All 
vertical  data  must  be  examined  with  these  considerations  in 
mind. 

Simulated  Versus  Actual  IFR  Conditions 

Some  of  the  data  collected  at  Charleston  (FC-ILS-I- 
CTOL  (Lateral),  BC-ILS-I-CTOL  (Lateral)  and  VOP-CTOL  (Lateral)) 
and  all  of  the  data  collected  at  NAFEC  (FC-ILS-I-STOL  (Lateral), 
FC-ILS-I-STOL  (Vertical),  and  VOR-CTOL  (Lateral))  were  col¬ 
lected  under  simulated  IFR  conditions.  Although  simulated 
conditions  (blocking  possible  visual  references)  create  the 
same  visual  and  physical  illusions  as  actual  IFR  conditions,  the 
pilot's  attitude  could  be  different  for  the  two  situations.  The 
attitude  differences  could  be  attributed  to  the  fact  that  the 
pilot  knows  that  conversion  to  VFR  can  be  made  at  his  option, 
regardless  of  the  aircraft's  position  on  the  approach,  simply 
by  removing  the  hooding  device.  Under  actual  IFR,  the  break¬ 
out  attitude  is  governed  by  prevailing  weather  and  the  pilot 
must  reach  the  weather  ceiling  before  conversion  to  VFR  can 
occur. 

Assumed  Distributions 

No  data  has  been  collected  on  the  distribution  of 
aircraft  about  the  nominal  longitudinal  position.  The  distribu¬ 
tion  for  FC-ILS-I-CTOL  (Longitudinal)  was  derived  from  the 
assumed  distribution  for  velocity  errors.  The  mean  and  standa.d 
deviation  of  the  velocity  distribution  were  assumed  baser  on 
conversations  with  experienced  pilots. 
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SECTION  2.4 


NOMINAL  MODEL  VERIFICATION  AND  SENSITIVITY  ANALYSIS 

A  necessary  task  in  any  simulation  or  modeling 
study  is  that  of  verifying  that  the  model  is  a  good  representa¬ 
tion  of  the  physical  system.  Several  methods  exist  for 
accomplishing  this  verification  task.  The  most  logical 
approach  is  to  compare  the  known  (or  expected)  observable 
quantities  of  the  physical  system  to  those  same  observable 
quantities  predicted  by  the  simulation.  If  a  good  comparison 
is  observed,  the  system  model  is  said  to  be  verified. 

The  procedure  discussed  above  was  used  in  the 
verification  of  the  instrument  landing  approach  system  nom¬ 
inal  model  and  its  associated  state  equations  derived  in 
Section  2.1.  Since  the  responses  of  the  three  versions  of 
the  nominal  model  have  been  shown  to  be  in  close  agreement  in 
Sections  2.1.2  and  2.2,  verification  pertaining  to  any  one 
model  holds  for  all  three.  Basically,  three  approaches  were 
taken  to  verify  these  models  -  time  response  analysis  fre¬ 
quency  response  analysis,  and  statistical  response  analysis. 
Analysis  of  the  models  is  accomplished  by  fitting  the  nominal 
system  model  to  a  set  of  data  hereafter  referred  to  as  the 
nominal  measured  distribution  data  (from  Section  2.3). 

The  time  response  analysis  (Section  2.4.1)  discusses 
the  three  versions  of  the  nominal  model  and  their  associated 
parameter  values.  A  time  response  for  each  loop  is  presented 
and  discussed  to  verify  that  the  nominal  system  model  is  repre¬ 
sentative  of  the  actual  approach  system. 

The  frequency  response  analysis  (Section  2.4.2) 
consists  of  a  root  locus  analysis  of  each  loop  in  the  linear 
version  of  the  nominal  model  to  show  the  system  transient 
response  and  gain  variation  for  each  system  model  feedback 
loop.  The  linear  system  model  state  equations  are  verified  by 
comparing  the  transient  time  response  characteristics  obtained 
by  integrating  the  linear  state  equations  (from  Section  2.1.5) 
to  those  characteristics  predicted  by  the  root  locus  analysis. 

The  statistical  response  analysis  (Section  2.4.3) 
describes  the  method  of  fitting  the  nominal  model  to  the 
nominal  measured  distribution  data  (from  Section  2.3)  and 
gives  the  resulting  pa  meter  values  including  initial 
conditions. 


i 


A  sensitivity  analysis  was  performed  to  identify 
the  effects  of  pertinent  model  parameters  and'  model  errors 
on  the  approach  system’s  lateral  distribution.  The  sensitivity 
results,  the  nominal  system  model,  and  measured  distribution 
data  were  utilized  in  fitting  models  to  the  specific  approach 
systems  listed  in  Table  2.1-1.  This  model  fitting  task  is  dis¬ 
cussed  in  Section  2.5. 

From  these  analyses,  all  three  versions  of  the 
nominal  system  model  are  shown  to  be  good  representations  of  the 
instrument  landing  approach  system. 


2.4.1  TIME  RESPONSE 

As  described  previously  the  nominal  model  (Figure 
2. 1.2-6)  represents  a  composite  set  of  CTOL  aircraft  approach¬ 
ing  on  a  front  course,  ILS,  Category  I,  CTOL' system.  The  nomi¬ 
nal  model  parameters,  from  Section  2.1.2  (Table  2. 1.2-2),  were 
used  in  the  time  response  analysis..  A  time  response  of  each 
feedback  loop  of  the  nominal  model  is  discussed  below.'  The  time 
response  analysis  is  performed  for  a  deterministic  system 
(no  errors) . 

Figure  2. 4. 1-1  shows  the  lateral  deviation  response 
for  an  initial  lateral  offset  of  500  feet  at  a  range  of  9 
n.  mi.  The  response  is  overdamped  with  a  time  constant  of 
about  127  seconds.  Note  that  the  response  represents  the  mean 
of  a  composite  set  of  perfect  systems  (no  errors) ;  however, 
when  system  errors  are  applied  (Section  2.4.3)  the  lateral 
response  becomes  statistical. 

The  aircraft  heading  angle  response  is  shown  in 
Figure  2. 4. 1-2  for  a  step  input.  This  response  represents  an 
aircraft  flying  an  arbitrary  but  constant  heading  angle  of 
3.14159  radians  (180°)  and  suddenly  a = commanded  change  in 
heading  of  .05  radians  is  input  into  the  system.  As  shown  in 
Figure  2. 4. 1-2,  the  system  first  goes  through  a  delay  equal  to 
the  pilot/control  delay  (t  =  .7  seconds)  plus  a  lag  response 
for  the  aircraft  bank  angll  rate  (l/a_  =  1  second)'.  The 

a 

remaining  response  shows  an  overdamped  response  with  a  time 
constant  of  about  6  seconds  (which  agrees  with  data  presented 
in  Reference  1)  before  achieving  a  final  constant  heading 
angle  of  3.19159  radians. 

Figure  2. 4. 1-3  illustrates  the  aircraft  bank  angle 
response  when  the  pilot  detects  a  requirement  to  change  the 
bank  angle.  This  response  depicts  an  aircraft  flying  wings 
level  (<J>  =  G)  and  suddenly  the  requirement  for  a  bank  angle 
change  of  .05  radians  is  input  into  the  pilot  model  system. 

The  response  shows  an  initial  delay  of  .7  seconds  corresponding 
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Figure  2. 4. 1-2  Nominal  Model  Heading  Angle  ResDonse 


The  root  locus  technique  ’ s  a  graphical  method 
for  drawing  the  locus  of  roots  in  the  imaginary  plane  as  a 
particular  parameter  or  gain  is  varied  and  provides  a  measure 
of  sensitivity  of  the  system  roots  to  the  parameter  being 
varied.  The  root  locus  method  provides  indications  of  the 
relative  stability  and  transient  performance  of  a  linear 
system.  The  locus  of  the  roots  of  the  characteristic  equation 
begins  at  the  poles  and  ends  at  the  zeroes  as  the  gain  in¬ 
creases  from  zero  to  infinity.  Figure  2. 4. 2-1  illustrates 
the  basic  components  of  a  root  locus. 


x  pole 
0  zero 

K  gain  corresponding  to  particular  root  on  locus  (operating 
point) 

5  damping  ratio ,  r,  =  cos  0  (for  a  2nd  order  system  only) 

-*■  direction  corresponding  to  increasing  gain 


Figure  2. 4. 2-1  Basics  of  Root  Locus 
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The  complex  conjugate  roots  nearest  the  origin  of 
the  imaginary  plane  are  labeled  the  dominant  roots  of  the 
system  since  they  dominate  the  transient  response.  The 
relative  dominance  of  the  roots  is  determined  by  the  ratio 
of  the  real  parts  of  the  complex  roots  and  will  result  in 
reasonable  dominance  for  ratios  exceeding  five  to  one. 

When  one  pair  of  roots  dominate,  the  system 
can  be  approximated  by  a  second  order  linear  system  and 
concepts  such  as  damping  ratio  and  frequency  can  be  evaluated 
from  the  root  locus  graph.  Roots  located  on  the  real  axis 
provide  an  overdamped  response  to  a  step  input.  Second  order 
complex  roots  have  a  damping  ratio  equal  to  the  cosine  of  the 
angle  measured  from  the  negative  real  axis  to  a  vector  drawn 
from  the  origin  to  the  root,  and  roots  to  the  right  of  the 
angular  frequency  axis  indicate  an  unstable  system. 

A  root  locus  analysis  was  performed  on  each  of 
the  three  feedback  loops  (Y'/Y&»  'i'/’I'c'  4>/<f>c)  in  the  linear, 
simulated  delay  nominal  model,  Figure  2. 1.2-8.  The  root 
locus  of  the  entire  system,  or  the  Y'/Y^j  loop,  is  shown  in 
Figure  2. 4. 2-2.  It  was  derived  by  varying  the  pilot-  gain 
on  the  displacement  error  from  the  localizer  (Ke').  The  control 
system  is  a  7th  order  system  and  thus  has  seven  poles  and 
two  zeroes  as  shown. 

The  operating  points  (Ke’)  are  d'  jrmined  by 
fitting  the  nominal  model  to  the  seteof  nominal  measured 
distribution  data  from  Section  2.3.  A  discussion  of  this 
model  fitting  task  is  contained  in  Section  2.4.3. 

The  nominal  system  operating  points  vary  with 
range  (X').  From  Equation  2. 1.2-7,  a  value  of  Kee  equal  to 
4.8  yields 


V  - 

te 


.000075  at  9  N  Mi. 
.000354  at  .75  N  Mi. 


The  variation  of  the  operating  points  on  the  root  locus 
corresponds  to  the  variation  of  system  sensitivity  with 
range  as  expected  in  the  physical  system.  For  these  operating 
points  the  two  roots  nearest  the  origin  are  shown  to  dominate 
because  the  ratio  of  their  real  parts  to  the  next  most 
dominant  pair  is  always  greater  than  five  to  one.  This 
result  validates  the  approximation  made  in  Section  2. 2. 1.2 
which  stated  that  the  system  model  could  be  accurately 
represented  by  a  second  order  system. 
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The  detail  view  of  the  dominating  roots  is  shown 
in  Figure  2. 4. 2-3.  At  ranges  greater  than  1.25  miles  (K£  = 

.0003)  the  system  is  seen  to  be  overdamped  U  >_  1);  howevlr, 
as  range  decreases  the  system  sensitivity  to  lateral  error 
increases,  resulting  in  a  slightly  underdamped  system  U  <  1). 

At  the  point  where  the  system  goes  visual  (X1  =  .75  N  Mi.), 
the  damping  ratio  is  approximately  .9.  For  values  between 
.000  3  and  .0065  the  system  is  underdamped  .?.nd  for  values 
greater  than  .0065  the  system  is  unstable. 

In  order  to  verify  the  system  model  state  equations, 
the  system  response  characteristics  predicted  by  a  root  locus 
analysis  were  compared  to  those  characteristics  obtained  by 
integrating  che  state  equations.  A  gain  value  of  K£e  =  .004, 
located  as  shown  in  Figure  2. 4. 2-3,  was  selected  as  the  gain 
for  the  comparison.  At  this  gain  the  two  loci  shown  dominate 
the  system.  Therefore,  the  damping  ratio  and  frequency  can 
be  determined  from  the  root  locus  since  the  system  can  be 
approximated  by  a  2nd  order  system.  Furthermore,  the  inte¬ 
gration  of  the  state  equations  for  this  gain  value  provides 
a  time  response  from  which  the  damping  ratio  and  frequency 
can  be  obtained.  The  time  response  is  shown  in  Figure  2. 4. 2-4. 

The  damping  ratio  is  computed  from  the  root  locus 


as 


c,  =  cos  0  =  .105. 


The  damping  ratio  can  be  calculated  from  the  time  response 
by  determining  the  percentage  of  overshoot  and  using  the 
graph  in  Figure  2. 4. 2-5.  In  this  particular  case  there 
is  a  72.8%  overshoot  which  indicates  a  damping  ratio  of 
approximately  .1  which  compares  with  the  value  independently 
derived  from  the  root  locus. 

The  angular  frequency  can  be  calculated  from 
Figure  2. 4. 2-5  by  reading  a  value  of  un  Tp,  which  is  the 
angular  frequency  times  the  peak  time.  From  Figure  2. 4. 2-4 
the  peak  time  is  11.8  seconds,  the  wn  Tp  value  is  3.18  and 
wn  is  .27.  The  angular  frequency  from  the  root  locus  plot 
is  0.269,  which  compares  favorably  to  the  value  obtained 
from  the  time  response. 

The  root  locus  of  the  4>/ipc  loop  was  obtained  by 
varying  the  pilot  gain  on  the  heading  angle  error,  Kg,  ,  and 
is  shown  in  Figure  2. 4. 2-6.  This  loop  is  a  6th  orderesystem 
and  has  the  six  poles  and  two  zeros  shown.  For  small  values 
of  Kg,  the  dominant  roots  are  the  four  shown  in  Figure  2. 4. 2-7. 
For  vllues  of  Kg,  greater  than  4.3,  the  two  imaginary  roots 
nearest  the  frequency  axis  dominate.  Furthermore,  for  values 
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Figure  2. 4. 2-3  Root  Locus  of  — —p  Loop  -  Detail  View  of 
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Figure  2. 4.2-5  Percent  Overshoot  and  Peak  Time 
versus  Damping  Ratio  for  a  Second-Order  System 

(Reference  2) 
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Figure  2.4. 


°f  K greater  than  6.2  the  system  is  unstable.  The  operat¬ 
ing  point  of  the  nominal  system  is  a  constant  value  of  1. 
and  is  located  on  the  loci  as  shown  in  Figure  2. 4. 2-7. 

The  4>/<J>c  loop  represents  a  fifth  order  system. 

The  root  locus  was  obtained  by  varying  the  aircraft  response 
gain,  Ka.  The  five  poles  and  two  roots  are  shown  in 
Figure  2. 4. 2-8.  For  values  of  Ka  greater  than  .1  the  dom¬ 
inant  roots  are  those  shown  in  Figure  2. 4. 2-9.  This  loop 
becomes  unstable  for  values  of  Ka  greater  than  1.35.  The 
nominal  system  operating  point  is  Ka  =  1.  As  shown  in 
Figure  2. 4. 2-9.  the  root  locus  predicts  an  underdamped 
system  which  is  reflected  in  the  oscillatory  time  response 
shown  in  Figure  2. 4. 1-3. 

2 . 4 . 3  STATISTICAL  RESPONSE 

A  statistical  response  analysis  was  performed 
in  order  to  determine  the  model  parameter  values,  errors, 
and  initial  state  distributions,  which  fit  the  nominal  system 
model  predicted  distribution  to  the  nominal  measured  distri¬ 
bution  data  discussed  in  Section  2.3. 

The  nominal  model  parameter  and  error  values  are 
listed  in  Table  2. 1.2-2.  flowever,  due  to  the  nature  of 
some  of  these  parameters  and  errors  (primarily  those  due  to 
pilot  attitude  and  pilot  er.  ors),  it  was  necessary  to  deter¬ 
mine  particular  ones  by  fitting  the  model  to  measured  field 
data. 

The  initial  distribution  for  the  lateral  devia¬ 
tion.  is  known  from  the  measured  field  data;  however,  the 
initial  distributions  for  the  remaining  states  of  the  system 
must  be  determined . 

This  analysis  was  conducted  by  considering  the 
variance  propagation  of  the  linear  model  with  gauss ian 
inputs  (Appendix  D) .  The  mean  and  variance  of  the  response 
of  a  linear  system  with  gaussian  input  distributions  give  a 
complete  statistical  description  of  the  process,  because  the 
system  output  is  also  gaussian.  In  order  to  determine  the 
parameters,  errors  and  initial  distributions,  nominal  measured 
distribution  data,  in  the  form  of  the  lateral  distribution 
standard  deviation  (oY« )  as  a  function  of  range  (X'),  was 
matched  by  the  statistical  system  response  of  the  linear 
nominal  model  with  gaussian  input. 

The  model  fitting  task  was  accomplished  by  utiliz¬ 
ing  the  nominal  model  parameter  and  error  values  determined 
in  Sections  2.1.2  and  2.1.4,  an  initial  lateral  deviation 
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distribution  which  was  assumed  gaussian  (Yg) ,  assumed  initial 
distributions  on  the  remaining  states  of  the  system  (defined 
in  Section  2.1.5  as  <|>0,  <|>0,  and  intermediate  states),  and 
the  nominal  measured  distribution  data  (from  Appendix  E)  in 
the  fdrm  of  ay«  versus  X')*  The  pertinent  model  parameters, 
errors  and  initial  distributions  were  adjusted,  within  reason¬ 
able  bounds,  from  their  original  estimates,  and  their  effects' 
on  the  lateral  deviation  distribution  were  determined.  Some 
.of  these  effects  are  shown  in  Figure  2. 4. 3-1.  By  observing 
these!  effects  on  the  lateral  distribution,  reasonable  adjust¬ 
ments  were  made  to  the  pertinent  model  parameters,  errors 
and  initial  distributions  until  an  acceptable  fit  was  obtained. 

It  was  assumed  that  only  the  model  parameters 
and  errors  ,due  to  pilot  attitude  and  pilot  errors  would  be 
adjusted  to  fit  the  field  data. 

Since  the  pilot's  primary  controlling  parameter 
1  is  the  aircraft  bank  angle  (<j>) ,  the  bank  hngle  pilot  error 
(N^1)  is  assumed  to  contain  the  major  effects  of  the  pilot's 
attitude  and  errors.  Since  the  pilot  gain  on  the  lateral 
error  from  the  localizer  (KE  )  affects  the  system's  transient 
response,  as  shown  in  Section  2.4.2,  it  is  assumed  that  KEe 
is  also  significantly  affected  by  pilot  attitude.  The  values 
of  the  various  model  pilot  error  distributions,  determined 
in  Section  2.1.4,  were  investigated.  The  pilot  errors 
estimated  in  that  section  were  tested  and  found  to  be  valid 
.  with  the  exception  of  the  pilot  bank  angle  error,  tty.  For 
the  above  reasons,  the  original  estimates  of  all  model 
parameters  and  errors  except  and  Ke  will  remain  unchanged. 

The  effect  of  Ke  is  shown  in  Figure  2.4. 3-1  to 
affect  the  general  siope  of  ?he  statistical  response.'  The 
optimum  value  for  K£e  was  4.8  which  corresponds  to  varying 
between  .000075  at  nine  miles  and  .000354  at  .75  miles  from 
touchdown.  (Equation  2. 1.2-7) 

After  several  attempts  at  fitting  the  measured 
distribution,  it  was  apparent  that  the  standard  deviation  of 
the  bank  an'gle  error  decreased  n s  the  pilot  neared  touchdown. 
For  the  optimum  fit  to  the  nominal  measured  data,  the  standard 
deviation  of  ranges  from  6°  at  nine  miles  from  touchdown 
to  2.5s  at  touchdown.  The  effect  of  a  greater  noise  is 
shown  in  Figure  2. 4. 3-1. 

Since  only  the  initial  distribution  on  the 
lateral  deviation  (Yg)  was  available,  it  was  necessary  to 
determine  the  initial  distribution  on  the  remaining  states. 

The  linear  seventh  order  state  equations  from  Section  2.1.5 
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Figure  2.4. 3-1  Effect  of  an  Increase  in  K£e,  rfy,  \pQ  or  <J>0 
on  the  Statistical  Response 


were  reduced  to  a  linear  sixth  order  system  as  described  in 
Section  2. 2. 1.2;  therefore,  the  initial  state  distributions 
for  ,  4>  ,  and  three  intermediate  states  were  needed  at  the 
initial  range  (9NMi) .  The  original  estimates  of  the  initial 
state  distributions  were  made  by  observing  the  state  values  of 
the  linear  nominal  model  for  reasonable  operating  conditions. 
These  original  estimates  were  then  adjusted  tc  fit  the  nominal 
measured  distribution  data  in  the  manner  described  previously. 

The  effects  of  the  initial  distributions  on  the 
lateral  deviation  distribution  were  determined  as  shown  in 
Figure  2. 4. 3-1.  As  can  be  seen,  larger  initial  heading 
angle  and  bank  angle  standard  deviations  cause  o  to 
increase  initially  and  hold  that  increased  value  for  a 
period  of  time.  Based  upon  these  observed  effects  the 
initial  state  distributions  were  adjusted  within  reasonable 
physical  bounds  until  an  acceptable  fit  was  obtained. 

Since  the  intermediate  states  (IS)  are  a  result  of  the 
simulated  delay  approximation,  they  have  no  observable 
physical  characteristics.  Thus,  the  original  estimates, 
which  seem  adequate  for  the  system,  were  retained.  The  result¬ 
ing  initial  state  distributions  are  shown  in  Table  2. 4. 3-1  and 
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Table  2. 4. 3-1 

Nominal  Model  Initial  State  Distributions  (at  x'  =  9NMi ) 


State 

Symbol 

0* 

Units 

xi0 

Yo 

198 

feet 

X 

to 

O 

f'o 

• 

O 

to 

radians 

X3o 

*o 

.01 

radians 

X4 

o 

IS 

.12 

x5 

Jo 

IS 

.26 

6o 

< 

IS 

.54 

*Assuu.ad  Gaussian-  mean  =  0,  variance  =  o" 


2-141 


. . .  iiiiiiiilililiilil^liBitii'i’ ii  i  . . 


the  resulting  nominal  model  fit  to  the  nominal  measured  field 
data  is  shown  in  Figure  2. 4. 3-2. 


K 


2.4.4  SENSITIVITY  ANALYSIS 

The  purpose  of  the  sensitivity  analysis  is  to 
identify  the  effects  of  selected  pertinent  model  parameters 
and  model  errors  on  the  lateral  distribution  of  aircraft  on 
the  approach  system.  The  sensitivity  analysis  was  performed 
by  utilizing  the  nominal  system  model  defined  in  Section  2.1.2, 
with  specific  initial  conditions,  as  the  reference  condition. 
Each  of  the  pertinent  parameters  and  errors  of  the  nominal 
system  model  was  varied  about  its  nominal  value  and  the 
resulting  sensitivity  coefficient  of  the  lateral  deviation 
or  lateral  distribution  standard  deviation  was  calculated 
at  various  points  in  range. 

A  sensitivity  coefficient  is  defined  by  the 
following  equation: 

X  AX 
SP  "  AP  ' 

where  AX  is  the  change  in  a  specific  system  variable  due  to 
the  change  of  AP,  and  AP  is  the  change  in  the  selected  para¬ 
meter  or  error.  The  sensitivity  coefficient,  Sj£,  identifies 
the  change  in  a  system  variable,  X,  caused  by  a  change  in 
a  parameter,  P.  It  should  be  noted  that  the  sensitivity 
coefficient  is  only  valid  for  small  changes  in  the  varied 
parameter  about  the  reference  condition. 

The  system  parameter  sensitivity  analysis  (Section 

2. 4. 4.1) ,  performed  by  utilizing  a  deterministic  model  (no 
random  errors) ,  was  used  to  find  the  sensitivity  coefficients 
for  the  pertinent  parameters  of  tne  nominal  nonlinear  system 
mode 1 . 

The  system  error  sensitivity  analysis  (Section 

2. 4. 4. 2)  utilized  the  linear  system  nominal  model  with 
gaussian  inputs  and  the  variance  propagation  technique 
described  in  Appendix  D.  It  was  performed  to  find  the  sen¬ 
sitivity  coefficients  for  the  pertinent  errors  of  the  linear 
system  model. 

2 . 4 . 4 . 1  System  Parameter  Sensitivity 

The  nominal  nonlinear  system  model  (Figure  2.1. 2-6) 
was  used  to  determine  the  sensitivity  of  the  lateral  devia¬ 
tion  (Y* )  to  some  of  the  pertinent  parameters  of  the  system 
model.  The  analysis  was  performed  deterministically  (no 
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random  inputs) .  The  symbols  of  these  parameters  along  with 
their  descriptions,  reference  values,  and  units  are  listed  in 
Table  2. 4. 4-1.  The  initial  conditions  are  all  zero  except  for 
the  following: 


y'  =  500  ft. 
o 

=  13.53  NMi. 

ip  =  3.14159  rad.  * 

o 

Each  of  the  parameters  was  varied  (AP),  and  the  resulting  lat¬ 
eral  deviation  response  predicted  by  the  system  model  was  ob¬ 
served  at  various  points  of  range  and  time.  By  comparing  this 
lateral  deviation  response  to  the  response  predicted  by  the 
nominal  system  model,  AY'  was  determined  and  the  sensitivity 
coefficient  was  calculated  by  the  following  equation. 

Y'_  AY' 

SP  "  AP 

The  AY'  is  the  change  in  the  lateral  deviation  due  to  the  change 
of  AP,  and  AP  is  the  change  in  the  selected  parameter.  An  il¬ 
lustration  of  the  parameter  sensitivity  analysis  technique  is 
shown  in  Figure  2. 4. 4-1. 

The  sensitivity  coefficients  of  each  parameter  from 
Table  2. 4. 4-1  were  calculated  and  plotted  at  common  points  in 
range.  The  resulting  sensitivity  curves,  presented  in  Appendix 
F,  illustrate  the  sensitivity  of  the  lateral  deviation  to  each 
of  the  pertinent  parameters  as  a  function  of  range  and  time.  A 
typical  example  from  parameter  sensitivity  curves  of  Appendix  F 
is  sb-'-'wn  in  Figure  2. 4.4-2.  It  illustrates  the  sensitivity  of 
the  lateral  deviation  to  the  pilot  gain  on  heading  angle  error 
as  a  function  of  range  and  time  about  the  given  reference  condi-  ' 
tion. 


2. 4. 4. 2  System  Error  Sensitivity 

By  using  the  method  of  variance  propagation  for  a 
linear  gaussian  system  described  in  Appendix  D,  the  linear  sys¬ 
tem  nominal  model  was  used  to  find  the  sensitivity  of  the  lat¬ 
eral  distribution  standard  deviation  (c  , )  to  the  standard  devi¬ 
ation  (o  )  of  some  of  the  pertinent  system  errors.  The  symbols 
representing  these  errors,  along  with  their  descriptions, 
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Table  2. 4. 4-1  Sensitivity  Analysis  Parameters 


Symbol 

Reference 

Value 

Units 

Description 

« 

V 

236.4444 

ft/sec 

Aircraft  airspeed 

» 

* 

K_  (angular) 

^e 

4.8 

rad/rad 

Pilot  tracking  gain  on 
the  angular  localizer 
error 

* 

K*e 

1.0 

rad/rad 

Pilot  gain  on  heading 
angle  error 

K* 

1.9 

rad/rad 

Pilot  gain  on  heading 
angle  feedback 

K* 

1.333 

sec 

Pilot  gain  on  the 
bank  angle  divided  by  a^ 

Ka 

1.0 

1/sec2 

Aircraft  bank  rate  to 
aileron  response  gain 
multiplied  by  aa 

aa 

1.0 

1/sec 

Inverse  of  the  aircraft 
bank  rate  to  aileron 
response  time  constant 

■* 

a4> 

1.5 

1/sec 

Inverse  of  the  pilot 
lead  time  constant  on 
bank  angle  feedback 

TP 

0.7 

sec 

Pilot/control  delay 

* 

L 

9000.0 

ft 

-X  coordinate  of  the 
lateral  guidance  trans¬ 
mitting  antenna 
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II  Nominal  A/C  Trajectory 

*  / 

r-/ 


7— ' 


A/C  Trajectory  for  P  =  P+AP 


f 


Sp  =  Sensitivity  of  Y'with  respect 
to  a  parameter,  P. 

v«  AY* 

S*  =  rr  =  function  of  time  and 
range 


Runway 


Sensitivity  Parameter 
Velocity 
Gains 


Time  Constants 


Delays 

Runway  Length 


Figure  2. 4. 4-1  System  Parameter  Sensitivity 
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reference  values,  and  units  are  listed  in  Table  2.4. 4-2.  The 
initial  state  distr  .but ions  are  defined  in  Table  2. 4. 3-1.  Each 
of  the  error  distribution  standard  deviations  was  changed  some 
A a^,  and  the  resulting  lateral  distribution  standard  deviation 
response  was  observed  at  specific  points  in  range  and  time.  3y 
comparing  this  lateral  distribution  standard  deviation  response 
to  the  response  predicted  by  the  nominal  model,  Ao^(  was  deter¬ 
mined  at  each  range  point  allowing  the  sensitivity  coefficient 
to  be  calculated  by  the  equation 


The  A a  ,  is  the  change  in  the  lateral  distribution  standard 
deviation  due  to  the  change  of  Ao  ,  and  Aon  is  the  change  in 
the  selected  error.  An  illustration  of  the  error  sensitivity 
analysis  technique  is  shown  in  Figure  2. 4.4-3. 

The  sensitivity  coefficients  for  each  error  were 
calculated  and  plotted  at  common  points  in  range.  The 
resulting  sensitivity  curves,  presented  in  Appendix  F, 
illustrate  the  sensitivity  of  the  lateral  distribution  standard 
deviation  to  the  standard  deviation  changes  in  some  of  the 
pertinent  system  errors  as  a  function  of  range  and  time.  A 
typical  example  from  the  error  sensitivity  curves  in  Appendix 
F  is  shown  in  Figure  2. 4. 4-4.  It  illustrates  the  sensitivity 
of  the  lateral  deviation  distribution  to  the  intital  heading 
angle  distribution  about  the  given  reference  condition. 


> 
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Table  2. 4 „ 4-2  Sensitivity  Analysis  Errors 


Symbol 

Reference 
Value  (Rad.) 

Description 

\ 

.01745 

Pilot  heading  angle  error  distribu¬ 
tion  standard  deviation 

.1047  @  SNMi 
.0436  @  ONMi 

Pilot  bank  angle  error  distribution 
standard  deviation 

G 

ilsr 

.00048 

ILS  equipment  receiver  error  dis¬ 
tribution  standard  deviation 

°ilst 

.001497 

ILS  equipment  transmitter  error 
distribution  standard  deviation 

0N 

e 

.00349 

Pilot  localizer  tracking  error 
(final  leg)  distribution  standard 
deviation 

\ 

.02 

Initial  condition  on  heading  state 
distribution  standard  deviation 

Figure  2. 4. 4-4  Lateral  Distribution  Sensitivity  Coefficients  ar>  With  Respect  to 
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SECTION  2.5 

PROBABILITY  DENSITY  FUNCTIONS  AND  NORMAL  OPERATING  ZONES 

A  positional  error  probability  density  function 
(PDF),  qs  utilized  in  this  study,  is  a  statistical  description 
of  the  errors  about  an  "ideal  track".  It  is  defined  for  a  com¬ 
posite  set  of,  aircraft  flying  the  final  leg  of  an  instrument 
approach  under  IFR  conditions.  A  complete  three  dimensional 
statistical  description  of  these  errors  is  required  to  aid  in 
the  generation  of  data  necessary  to  determine  minimum  runway 
spacings.  For  this  reason1,  the  positional  error  probability 
density  space  consists  of  three  dimensions  (lateral,  vertical, 
and  longitudinal).  ! 

The  primary  dimension  utilized  in  the  lateral 
separation  criteria  determination  is  the  lateral  dimension. 

For  this  reason,  lateral  approach  system  models  are  developed 
which  accurately  generate  the  lateral  PDF  for  the  required 
approach  systems.  Development  of  these  models  is  accomplished 
by  adapting  the  nominal  system  model,  developed  in  Section  2.1 
and  verified  in  Section  2.4,  to  the  measured  distribution  data 
from  Section  2.3.  This  process  is  described  in  Section  2 .5 . 1. 

1  One  purpose  of  this  section  is  to  describe  the 

generation  of  the  PDF's  required  in  the  probability  qf  collision 
determination  (Section  2.6)  and  in  the  NOZ  determination. 

The  generation  of  these  PDF's  is  discussed  in  Section  2.5.2. 

This  discussion  is  divided  into  three  parts:  lateral  (Section 
2. 5. 2.1),  vertical  (Section  2. 5. 2. 2),  and  longitudinal  (Section 
2. 5 ,.'2. 3).  The  method  for  generating  the  required  lateral  PDF's 
utilizes  the  Fokker-Planck  equation  (Section  2.2)  with  the 
lateral  approach  system  models  from  Section  2.5.1.  The  vertical 
error  PDF's  are  determined  from  the  measured  distribution  data 
from  Appendix  E.  The  longitudinal  error  density  is  determined 
from  an  assumed  constant  velocity  error  distribution  from 
Section'  2.3. 

A  second  purpose  of  this  section  is  to  describe  the 
generation  of  the  required  normal  operating  zones  (NOZ)  to  be 
used  in  the  determination  of  minimum  runway  spacings.  The 
generation  of  the  NOZ  is  discussed  in  Section  2.5.3  for  approach 
systems  in  general  (Section  2. 5.3.1)  and  for  CTOL/STOL  skewed 
operations  (Section  2.5. 3.2). 

2.5.1  LATERAL  PROBABILITY  DENSITY  FUNCTION  MODELS 

Before  a  lateral  probability  density  function  can 
be  generated  for  a  particular  approach  system,  it  is  necessary 
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to  develop  a  model  which  accurately  simulates  the  dynamics  of 
that  approach  system.  Furthermore,  it  is  necessary  to  derive 
the  state  equations  from  that  model  to  be  incorporated  into 
the  Fokker-Planck  equation  to  allow  the  PDF  to  be  generated. 

This  section  is  a  description  of  the  method  utilized  to  develop 
the  approach  system  models  listed  below. 

1.  Front  Course-ILS-Category  I-CTOL  (FC-ILS-I-CTOL) 

2.  Front  Course-ILS-Category  II-CTOL  (FC-ILS-II- 
CTOL) 

3.  Back  Course-ILS-Category  I-CTOL  (BC-ILS-I-CTOL) 

4.  VOR-CTOL  (VOR-CTOL) 

5.  Front  Course-ILS-Category  I-STOL  (FC-ILS-I-STOL) 

The  nominal  model  developed  in  Section  2.1  and 

verified  in  Section  2.4  must  be  adapted  to  the  measured  distribu¬ 
tion  data  (from  Section  2.3)  for  each  of  the  approach  system 
models  before  the  lateral  probability  density  functions  can  be 
generated.  The  procedure  required  to  adapt  a  model  to  the 
measured  data  consists  of  the  six  basic  steps  summarized  in 
Table  2. 5. 1-1.  The  completion  of  this  procedure  results  in  a 
model  and  its  corresponding  Fokker-Planck  equation  with  all 
system  parameters,  errors,  and  initial  conditions  specified. 

The  Fokker-Planck  equation  is  then  used  to  generate  the  lateral 
positional  error. 

The  first  step  in  the  procedure  for  determining  the 
model  parameters,  errors,  and  initial  conditions  is  the  selection 
of  the  set  of  measured  data  that  corresponds  to  the  approach 
system  model  to  be  considered.  Once  the  initial  and  discrete 
comparison  range  distributions  are  selected,  the  second  step 
of  the  procedure  is  initiated.  This  step  consists  of  specify¬ 
ing  the  model  parameters,  errors,  and  initial  conditions  for 
the  initial  attempt  at  adapting  the  model  to  the  measured 
distribution  data.  Initial  estimates  of  the  parameters  and 
errors  are  determined  from  the  results  of  the  analysis  of 
Section  2.1.3  (Table  2. 1.3-1).  The  system  initial  conditions 
are  estimated  by  observing  the  responses  of  each  state,  pre¬ 
dicted  by  the  nominal  model  from  Section  2.1.2.  These  para¬ 
meters,  errors,  and  initial  conditions  are  then  used  in  the 
nonlinear  eighth  order  state  equation  from  Section  2.1.5.  Once 
these  state  equations  are  determined,  the  set  of  reduced  state 
equations  can  be  formulated. 

The  third  step  is  to  reduce  the  nonlinear  eighth 
order  system  state  equations  to  a  set  of  second  order  linear 
system  state  equations  which  can  be  applied  to  the  Fokker- 
Planck  equation.  The  model  reduction  process,  discussed  in 
Section  2. 2. 1.2  must  be  accomplished  at  several  range  points 
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Table  2. 5. 1-1 


Procedure  Outline  for  the  Model  Development  of  the 
Lateral  Probability  Density  Functions 


Step  I  :  Select  the  measured  lateral  distribution  data  at 
the  initial  range  and  at  each  of  the  comparison 
ranges  for  the  particular  approach  system  model 
to  be  considered. 

Step  II  :  Determine  a  best  estimate  for  the  model  parameters, 
errors,  and  initial  conditions  for  the  system 
model. 


Step  Ills  With  the  estimate  for  the  model  parameters,  reduce 
the  resultant  nonlinear  eighth  order  set  of  state 
equations  to  a  set  of  second  order  linear  state 
equations  for  each  specified  range  interval  and 
apply  each  set  to  the  Fokker-Planck  equation. 


Step  IV  s  Solve  the  Fokker-Planck  equation  generated  in  Step 
III  using  the  initial  distribution  selected  in 
Step  I. 


Step  V  :  Using  a  variance  and  PDF  shape  comparison,  deter¬ 
mine  whether  or  not  the  Fokker-Planck  distribution 
data  matches  the  measured  distribution  data  at  the 
comparison  points.  If  the  measured  and  calculated 

distributions  match,  then  the  model  and  corres¬ 
ponding  Fokker-Planck  equation  can  be  used  for 
lateral  error  probability  density  function  genera¬ 
tion.  If  the  distributions  do  not  match,  proceed 
to  Step  VI . 

Step  VI  :  Using  the  sensitivity  data  of  Appendix  F,  adjust 
the  model  parameters,  errors,  initial  conditions, 
or  combinations  of  these.  If  any  parameter  is 
changed,  return  to  Step  III;  if  only  the  errors 
and/or  initial  conditions  are  alteret  ,  return  to 
Step  IV. 
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along  the  approach  path,  ?Jnce  the  linear  model  is  a  good 
approximation  to  the  no'^  ■  jar  model  for  only  short  range 
intervals.  The  selected  range  interval  is  4700  feet. 

The  reducer  system  state  equations  are  included  in 
the  Fokker-Planck  equation  as  described  in  Section  2.2.1. 3. 

This  equation  is  initialized  using  the  measured  distribution 
data  at  the  initial  range.  Using  this  Fokker-Planck  equation, 
the  lateral  error  density  functions  are  calculated  at  discrete 
ranges  along  the  approach  path.  The  technique  used  to  solve 
the  resultant  Fokker-Planck  equation  is  described  in  Section 
2. 2.1. 3.  Generation  of  the.  range-ordered  set  of  lateral  error 
PDF  data  completes  the  fourth  step  in  the  model  development  pro¬ 
cedure  . 

A  comparison  of  the  Fokker-Planck  generated  PDF 
to  the  measured  PDF  constitutes  the  fifth  step  of  the  procedure. 
This  comparison  is  made  based  on  (1)  the  variance  of  Fokker- 
Planck  generated  data  and  the  variance  of  the  measured  PDF  and 
(2)  the  shapes  of  their  respective  PDF's.  The  two-fold  compari¬ 
son  is  required  only  at  the  specific  comparison  ranges  along  the 
approach.  The  total  approach  can  be  subdivided  into  essen¬ 
tially  three  regions.  One  or  two  points  in  the  initial  region, 
mid-range  region,  *  ^  final  region  are  all  that  are  required 
to  yield  sufficien  comparison  information  to  adapt  the  system 
model  to  the  measured  data.  Thus,  if  the  measured  and  calculated 
variances  compare  favorably  in  the  three  range  regions,  the 
system  parameters,  errors,  and  initial  conditions  are  correct 
for  the  system  model  and  corresponding  measured  data.  If 
this  is  the  case,  the  Fokker-Planck  equation  is  ready  to  be 
used  to  determine  the  lateral  PDF's.  If  the  variances  in  any 
of  the  regions  do  not  compare  favorably,  then  either  the  para¬ 
meters,  errors,  initial  conditions,  or  a  combination  of  these 
must  be  changed  to  adapt  the  system  model  to  the  measured  data. 
This  leads  to  the  sixth  step  in  the  procedure. 

The  sixth  step  involves  using  sensitivity  techniques 
to  adapt  the  parameters,  errors,  or  initial  conditions  in  such  a 
manner  that  the  comparison  in  step  five  is  satisfied  and  the 
Fokker-Planck/system  model  development  completed.  The  sensiti¬ 
vity  data  developed  in  Section  2.4.4  and  presented  in  Section 
3.3  and  Appendix  F  can  be  directly  applied  to  the  process  of 
adapting  the  system  to  the  measured  distribution  data.  This 
sensitivity  data  is  range  dependent;  therefore,  by  determining 
in  step  five  the  region  or  regions  in  which  the  variances  are 
not  matched,  the  corresponding  sensitive  system  factors  can  be 
determined.  Also,  since  the  sign  of  the  sensitivity  data  indi¬ 
cates  whether  the  factors  should  be  increased  or  decreased  to 
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better  fit  the  measured  data.  If  the  system  parameters  are 
varied,  the  next  step  is  to  return  to  step  three  and  proceed 
as  before.  If  only  the  system  errors  and/or  initial  condi¬ 
tions  are  altered,  then  the  procedure  is  to  return  to  step 
four  and  continue. 

This  procedure  is  iterative  in  nature  but  converges 
rapidly  to  an  adapted  model  if  the  initial  parameters,  errors, 
and  initial  conditions  are  chosen  judiciously  and  if  the 
sensitivity  data  is  used  effectively. 

This  procedure  was  used  for  approach  system  models 
1.  through  5.  listed  previously.  The  model  block  diagram  and 
resulting  parameters,  errors,  and  initial  conditions  for  each 
of  these  five  cases  are  presented  in  Appendix  G.  Once  the 
models  for  these  five  approach  types  and  their  associated 
parameters,  errors,  and  initial  conditions  are  determined, 
the  probability  density  functions  for  the  lateral  dimension 
can  be  generated. 

2.5.2  PROBABILITY  OBMSITY  FUNCTION  GENERATION 

The  total  aircraft  positional  error  space  probabili¬ 
ty  density  function  consists  of  three  dimensions;  lateral, 
vertical,  and  longitudinal.  Separation  of  these  dimensions  is 
possible  due  to  the  physics  of  the  lateral  separation  problem, 
as  discussed  in  Section  2.1.  The  primary  purpose  for  generating 
the  three  PDF's  is  the  calculation  of  the  probability  of  col¬ 
lision  values  for  the  various  required  approach  systems,  opera¬ 
tions,  and  runway  spacings  discussed  in  Section  2.6.  A  secon¬ 
dary  reason  for  determining  the  lateral  PDF's  is  the  deter¬ 
mination  of  the  locus  of  points  termed  the  normal  operating 
zone  (NOZ).  The  approach  systems  for  which  PDF's  are  deter¬ 
mined,  the  PDF  type,  and  methods  of  determination  are  included 
for  each  of  the  three  dimensions  in  Table  2. 5. 2-1.  The 
procedure  for  determining  the  probability  density  function  for 
the  lateral  dimension  is  considered  in  Section  2. 5. 2.1.  The 
vertical  PDF  generation  is  discussed  in  Section  2. 5. 2. 2  followed 
by  the  longitudinal  PDF  generation  in  Section  2. 5. 2. 3. 

Once  the  distribution  data  is  generated  for  the 
three  dimensions,  the  probability  of  collision  data  may  be 
calculated  for  both  dependent  and  independent  operations.  The 
normal  operating  zones  may  also  be  calculated  using  the  lat¬ 
eral  error  probability  density  functions. 


2 . 5 . 2 . 1  Procedure  for  Lateral  Density  Function  Generation 
It  is  necessary  to  generate  lateral  PDF's  for  the 
lateral  approach  systems  listed  in  Table  2. 5. 2-1.  The  approach 
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taken  to  generate  the  required  PDF's  utilizes  the  Fokker- 
Planck  equation  and  the  approach  system  models  developed  in 
Section  2.5.1.  The  model  block  diagrams,  parameters,  errors, 
and  initial  conditions  are  presented  in  Appendix  G. 

The  procedure  utilized  to  generate  the  lateral 
PDF's  consists  of  four  basic  steps.  The  completion  of  this 
procedure  results  in  a  lateral  PDF  which  is  used  in  tne 
probability  of  collision  determination  and  in  a  NOZ  determina¬ 
tion. 

The  first  step  in  the  procedure  is  to  determine 
the  lateral  deviation  PDF  to  be  used  to  initialize  the  Fokker- 
Planck  equation  at  the  initial  range  (turn-on  range) .  The 
method  to  determine  this  PDF  utilizes  the  modified  Burgerhout 
PDF  to  fit  the  initial  measured  distribution  data  for  the 
first  four  systems.  The  modified  Burgerhout  PDF  was  selected 
as  the  initial  CTOL  lateral  error  PDF  because  of  the  oc¬ 
currence  of  a  significant  amount  of  measured  error  data  in 
the  tails  of  the  measured  data.  Fitting  a  gaussian  function 
through  the  tails  of  the  distribution  yields  variances  much 
larger  than  was  found  for  the  measured  data.  Thus,  a  distri¬ 
bution  was  required  which  had  the  narrow  variance  indicated 
by  the  measured  data,  but  also  fit  the  tails  of  the  distribu¬ 
tion.  The  modified  Burgerhout  PDF  illustrated  in  Figure 
2. 5.2-1  has  both  of  these  features.  The  modified  Burgerhout 
PDF  fit  for  each  measured  data  set  is  determined  by  using 
the  standard  deviation  (c)  of  the  measured  data  to  scale  a 
nominal  modified  Burgerhout  PDF  (a=1.0)„  This  "it  is  required 
only  at  the  initial  range  (turn-on  range)  due  the  basic 
properties  of  the  Fokker-Planck  equation.  1;:°  ?f'  ILS-I-STOL 
(Lateral)  system  utilizes  a  gaussian  fit  to  whe  initial  mea¬ 
sured  distribution  data.  This  choice  of  the  gaussian  distribu¬ 
tion  was  based  on  two  factors.  First,  there  were  no  extreme 
data  points  as  in  the  CTOL  case;  and  second,  the  chi-square 
test  indicated  that  the  gaussian  distribution  was  valid 
(Reference  1).  The  statistical  means  for  both  the  CTOL  and 
STOL  lateral  PDF’s  were  sat  to  the  runway  centerline  to  reduce 
the  problem  of  including  system  biases  that  were  peculiar  to 
-he  sites  where  the  measured  data  was  collected.  The  effect 
of  these  types  of  system  biases  in  the  determination  of  the 
minimum  runway  spacing  is  discussed  in  Section  4,  Volume  I. 

Step  two  of  the  procedure  consists  of  selecting 
the  appropriate  model  with  its  associated  parameters,  errors, 
and  initial  conditions  from  Appendix  G  and  incorporating  these 
values  into  the  nonlinear  state  equations  from  Section  2.1.5. 


2-159 


Next,  in  step  three  of  the  procedure,  the  nonlinear 
state  equations  are  reduced  to  a  set  of  linear  second  order 
state  equations  for  each  4700  foot  range  interval  along  the 
approach  path.  This  model  reduction  task  is  described  in 
Section  2. 2. 1.2. 

The  reduced  state  equations  are  then  incorporated 
into  the  Fokker-Planck  equation  as  described  in  Section  2. 2. 1.3. 
This  equation  is  initialized  using  the  initial  lateral  devia¬ 
tion  PDF  determined  in  the  first  step  of  this  procedure. 

The  lateral  PDF  is  then  generated  by  solving  the  Fokker- 
Planck  equation  as  described  in  Section  2. 2. 1.3. 

Several  items  must  be  considered  prior  to  the 
actual  generation  of  the  lateral  error  probability  density 
data.  First,  the  initial  range  and  final  range  from  touch¬ 
down  must  be  selected  and  the  corresponding  PDF  for  the  initial 
range  calculated.  The  selection  of  these  ranges  is  restric¬ 
ted  only  by  model  considerations.  That  is,  the  initial  range 
must  occur  after  the  aircraft  has  completed  turn-on  and  the 
final  range  must  be  selected  at  or  before  the  point  where  the 
aircraft  becomes  VFR. 

In  addition  to  the  initial  and  final  range  values, 
the  delta  range  interval  for  the  solution  of  the  Fokker- 
Planck  equation  must  be  selected.  A  delta  range  interval 
of  approximately  23.6  feet  (.1  second  at  140  knots)  was 
selected  to  generate  the  lateral  probability  density  functions. 
The  primary  reason  for  the  choice  of  these  range  increments 
was  to  yield  accurate  results  for  the  total  collision  proba¬ 
bility  for  dependent  operations.  Without  the  use  of  the 
Fokker-Planck  equation,  such  range  accuracy  would  not  be 
possible  since  the  measured  data  had  range  increments  in  the 
order  of  2000  feet. 

The  grid  spacing  increment  along  the  lateral  axis, 
utilized  in  the  computer  solution  of  the  Fokker-Planck  equation, 
is  basud  primarily  on  the  accuracy  required  for  collision  pro¬ 
bability  determination  and  the  lateral  distribution  at  the 
initial  range.  The  values  selected  for  the  five  lateral 
approach  systems  were  38  increments  approximately  174  feet  in 
length  which  yielded  a  total  lateral  error  coverage  of  ap¬ 
proximately  3300  feet  on  either  side  of  the  runway  centerline. 
Once  this  final  parameter  is  selected,  the  Fokker-Planck 
equation  is  solved  using  the  computer  solution  discussed  in 
Section  2.2.  The  lateral  error  PDF  data  is  presented  in 
Appendix  H  at  the  initial  range  and  other  ranges  required 
for  the  probability  of  collision  determination  for  each  of  the 
systems . 
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2 . 5 . 2 . 2  Procedure  for  Vertical  Density  Function  Generation 

For  the  collision  probability  determination,  the 

composite  CTOL/STOL  operations  require  a  vertical  dimension 
error  PDF.  This  results  from  the  fact  the  CTCL  operation 
has  a  different  glideslope  (2.5°)  than  the  STOL  (7.5°) 
operation;  and,  therefore,  the  worst  case  assumption  of 
vertical  coincidence  is  not  valid. 

A  gaussian  vertical  error  PDF  was  selected  for 
the  vertical  dimension.  This  type  of  distribution  was  selected 
due  to  the  fact  that  one,  there  was  no  requirement  to  model 
the  vertical  dimension,  and  two,  the  measured  data  presented 
in  Appendix  E  over  range  intervals  of  interest  tested  gaussian 
with  only  a  few  exceptions  (Reference  1).  The  gaussian 
distributions  were  determined  by  using  the  measured  error 
distribution  data  from  Appendix  E  as  the  vertical  error  PDF. 

The  measured  data  standard  deviations  were  linearly  inter¬ 
polated  to  arrive  at  vertical  distributions  of  the  required 
range  points  for  the  two  vertical  systems  indicated  in  Table 
2. 5. 2-1. 

The  means  for  both  the  CTOL  and  STOL  vertical 
PDF's  were  set  to  the  glideslope  value  to  reduce  the  problem 
of  including  system  biases  that  were  peculiar  to  the  measured 
data  collection  sites.  No  attempt  was  made  to  include  the 
non-symmetrical  distribution  effect  which  occurs  near  touch¬ 
down  for  either  of  the  two  systems.  The  vertical  PDF  data 
at  selected  ranges  for  the  systems  indicated  in  Table  2. 5. 2-1 
is  presented  in  Appendix  H. 

2. 5. 2. 3  Procedure  for  Longitudinal  Density  Function 

Generation 

The  need  for  a  longitudinal  error  density  func¬ 
tion  was  predicated  by  the  requirement  to  determine  probability 
of  collision  data  for  dependent  operations.  Thus,  a  longitudi¬ 
nal  error  density  function  was  required  for  the  front  course  - 
ILS  -  Category  I  -  CTOL  approach  system.  Using  a  velocity  error 
standard  deviation  (o  )  of  5  knots,  a  mean  (V)  of  140  knots,  and 
assuming  a  gaussian  distribution,  the  longitudinal  error  proba¬ 
bility  density  function  was  generated  as  discussed  in  Section 
2. 3. 2. 3.  The  resultant  longitudinal  error  distribution  is  also 
gaussian  with  a  standard  deviation  equal  to  [(o^t)//!]  and  a 
mean  equal  to  [X^-Vt],  where  Xq  is  the  initial  range  and  t  is 
time.  As  indicates,  this  process  is  a  time  varying  process  in 
which  the  mean  of  the  PDF  travels  at  a  constant  velocity  (V) , 
and  the  standard  deviation  increases  proportionately  with  t. 
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This  process  describes  a  spreading  longitudinal  location  error 
which  is  expected  for  dependent  operations  as  assumed  in  this 
study.  It  is  further  assumed  for  dependent  operations  that 
at  some  range  (X*  >  greater  than  the  outer  marker,  the  controller 
establishes  a  desired  longitudinal  separation  between  two 
aircraft  approaching  adjacent  parallel  runways  and  a  nominal 
approach  speed  (V)  for  the  two  aircraft.  This  range  is 
assumed  to  be  9  nmi  (54,720  feet),  as  shown  in  Figure  2.5. 2-2, 
which  corresponds  to  the  approximate  range  at  which  the  1000 
foot  vertical  separation  is  lost.  The  nominal  approach 
speeds  for  the  two  aircraft  are  assumed  equal  to  V.  It  is 
further  assumed  that  once  the  desired  longitudinal  separation 
and  nominal  approach  speed  have  been  established,  the  con¬ 
troller  no  longer  controls  the  process;  i.e.,  no  real-time 
velocity  or  location  control  occurs  after  the  desired  separa¬ 
tion  and  speeds  are  established,  ^hus,  the  longitudinal 
location  error  of  aircraft  flying  with  an  assumed  velocity 
error  standard  deviation  of  5  knots  would  tend  to  increase 
with  time.  Based  upon  the  preceding  assumptions,  the  longi¬ 
tudinal  PDF  for  the  two  aircraft  illustrated  in  Figure  2. 5. 2-2 
is  defined  as  follows: 
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Longitudinal  Distribution  for  Dependent  Operations 

2-163 


nilitaiBiiMa  m  if  fiii  inirnr  • ,  --rr'  a  a 


Xi  =  N(P£  /<7Jl2);  1  :=  X'  2 
i  i 


where 


•V  -  xj-v<tm  > 

1 
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V  i 


with  the  corresponding  values 


=  54,720  feet 


V  =140  knots  =  236.4  feet/second 

a  =5  knots  =  8.44  feet/second 

t  =0  seconds;  when  aircraft 2  range  =  54,720  feet 

At.^  =  S/'V  seconds?  time  required  for  aircraft^  to  fly  a 
distance  of  S  feet 

At2  =  0  seconds 

S  =  desired  longitudinal  separation,  feet 

The  resulting  longitudinal  PDF  for  the  FC-IL5-I-CT0L 
system  is  presented  in  Appendi  '  A  at  selected  ranges. 

2,5.3  NORMAL  OPERATING  ZONE  DETERMINATION 

The  normal  operating  zone  (NOZ)  is  defined  as 
being  either  a  zone  that  contai  is  68%  or  95%  of  the  opera¬ 
tions.  These  percentage  values  correspond  roughly  to  the  la  and 
2a  points  respectively  for  a  gaussian  distribution  function. 
Except  for  the  STOL  case,  the  lateral  error  distributions  are 
non-gauss ian;  therefore,  the  percentage  definition  will  be 
used  for  determining  the  normal  operating  zones.  The  procedure 
for  determining  the  NOZ  for  the  approach  systems  indicated  in 
Section  2.5.1  is  b=*  ;ed  pr '.marily  on  the  integration  of  the  late¬ 
ral  error  density  functions  for  each  of  the  systems  as  discussed 
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in  Section  2. 5. 3.1.  It  is  also  necessary  to  determine  the  NOZ 
for  CTOL/STOL  skewed  operations.  The  NOZ  for  this  case  is 
determined  in  a  slightly  different  manner  as  discussed  in 
Section  2. 5. 3. 2. 

2 . 5 . 3 . 1  NOZ  Determination  for  Approach  Systems 

The  68%  and  95%  NOZ's  are  determined  for  the  ap- 
proach  systems  by  integrating  the  lateral  error  density  func¬ 
tions  generated  in  Section  2. 5. 2.1  as  illustrated  in  Figure 
2. 5. 3-1.  The  integration  of  the  PDF's  is  act-  .,-plished  using 
a  spline  fit  to  the  lateral  grid  points  util’  red  in  the  com¬ 
puter  solution  to  the  Fokker-Planck  equation.  The  68%  and 
95%  points  are  calculated  at  specified  range  int  -vals  along 
the  approach.  The  loci  of  these  points  are  two  lines,  sym¬ 
metric  about  the  runway  centerline,  which  define  the  68% 
and  95%  NOZ  respectively.  At  5000  feet  range  from  either  end 
of  the  runway  for  CTOL  operations  and  at  1500  feet  for  STOL 
operations,  the  NOZ  is  defined  by  two  lines  parallel  to  the 
runway  centerline  as  depicted  in  Figure  2. 5. 3-2 .  These  points 
correspond  to  tne  approximate  ranges  at  which  the  CTOL  and 
STOL  aircraft  go  VFR  and  the  corresponding  .'odel  becomes 
invalid. 

The  68%  and  95%  NOZ's  for  each  of  the  systems 
listed  in  Section  2.5.1  are  presented  in  Appendix  H. 


2 . 5 . 3 . 2  CTOL/STOL  Skewed  Normal  Operating  Zone 

To  determine  the  minimum  runway  spacing  between 
CTOL/STOL  skewed  runways,  the  normal  operating  zone  for  STOL 
departures  must  be  determined  at  the  point  of  minimum  separa¬ 
tion  between  the  CTOL  runway  extended  centerline  and  the  STOL 
nominal  departure  path.  The  geometry  of  the  CTOL/STOL  skewed 
configuration  is  illustrated  in  Ficare  2. 5. 3-3.  As  shown  in 
the  figure,  the  point  <■  .-unimum  separation  occurs  within  the 
curved  portion  of  the  nominal  departure  path.  Due  to  tne 
complexity  of  the  task  of  generating  the  PDF  for  the  curved 
path  departure,  the  NOZ  for  this  case  is  determined  in  a 
slightly  different  manner. 

The  basic  approach  to  determine  this  NOZ  is  to 
utilize  a  model  of  the  curved  path  dynamics  of  the  departing  STOL 
aircraft  to  perform  a  Monte  Carlo  simulation.  The  standard 
deviation  (oY)  of  the  lateral  errors,  measured  from  the  nomi¬ 
nal  departure  path,  at  the  minimum  separation  point  is  deter¬ 
mined  from  the  Monte  Carlo  simulation.  For  this  analysis,  the 
68%  NOZ  is  assumed  to  be  equal  to  a y,  and  the  95%  NOZ  is 
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assumed  to  be  equal  to  2 0y. 

The  STOL  nominal  departure  path  is  defined  in 
Figure  2. 5. 3-3.  The  straight  portion  of  the  departure  is 
followed  until  the  aircraft  reach  an  altitude  of  400  feet 
(this  occurs  at  a  range  of  4200  feet.  Reference  2).  At  this 
point,  the  aircraft  execute  a  standard  rate  turn.  Reference 
3  indicates  that  pilots  who  were  requested  to  execute  a  stan¬ 
dard  rate  turn  actually  performed  turns  distributed  about  a  mean 
(iM  of  2.89  degrees  per  second  with  a  standard  deviation  (o^) 
of  .392  degrees  per  second.  The  nominal  departure  speed  (V) 
for  the  STOL  aircraft  is  assumed  to  be  73  knots  (Reference  1) . 
The  curved  portion  of  the^nominal  departure  path  is  defined  by 
the  radius  of  curvature  (R) 

R  =  —  =  2440  feet. 

<j> 

The  curved  path  dynamics  assumed  for  the  Monte 
Carlo  simulation  are  described  by  the  following  equation 


where  R  is  the  radius  of  curvature  of  the  curved  path,  V  is 
the  velocity,  and  ip  is  the  turn  rate.  The  velocity  and  turn 
rate  are  assumed  to  be  normally  distributed  as 

V  =  N(V,  av) 

=  N  (K  a^) 

where_ 

V  =  123  ft/sec;  (73  knots) 
ov  =  8.44'’  ft/sec;  (5  knots) 

<j/  =  .U504  rad/sec;  (2.39  deg/sec),  and 

=  .00684  rad/sec;  (.392  deg/sec). 

The  initial  distribution  of  R  is  also  assumed  to  be  normal. 
The  standard  deviation  is  assumed  from  the  lateral  PDF  for  an 
approach  at* the  equivalent  range. 
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R  =  N  (R,  o  ) 

O  K 

where 

R  =  2440  feet,  and 
o  =  93  feet. 

K 

The  results  of  the  Monte  Carlo  simulation  were  the  corresponding 
and  20y  values  at  the  minimum  separation  point  for  skew 
a-gles  (a)  of  10°,  20%  30%  40%  50%  60%  70%  80%  and  90°. 
The  NOZ's  resulting  from  this  analysis  are  presented  in 
Appendix  H. 
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SECTION  2.6 


PROBABILITY  OF  COLLISION 

In  order  to  reduce  the  present  minimum  spacing  cri¬ 
teria  between  two  parallel  runways,  a  means  of  measuring  the 
relative  safety  of  two  aircraft  attempting  to  land  on  parallel 
runways  is  needed.  This  relative  safety  is  defined  to  be  the 
probability  of  collision  in  the  Lateral  Separation  Study. 

It  is  assumed  throughout  this  analysis  that  the 
airspace  requirements  for  a  departure  are  no  greater  than  for  an 
approach;  therefore,  probability  of  collision  models  described 
in  this  section  are  based  on  approaches,  and  all  subsequent 
results  obtained  are  assumed  to  be  equally  valid  for  both 
departures  and  approaches. 

Tne  probability  of  collision  between  two  aircraft 
approaching  parallel  runways  is  considered  for  the  following 
cases ; 

(a)  S^OL/STOL  independent  operations 

(b)  CTOL/CTOL  independent  operations 

(c)  CTOL/CTOL  dependent  operations 

(d)  CTOL/STOL  independent  operations 

The  notation  used  above  defines  the  aircraft  and  runway  con¬ 
figuration  for  each  of  the  parallel  runways.  For  example, 
CTOL/STOL  defines  one  runway  as  being  a  CTOL  r_.  ,ay  witn  CTOL 
aircraft  as  the  primary  user  class  and  the  other  runway  as  a 
STOL  runway  with  STOL  aircraft  as  the  primary  user  class.  Inde¬ 
pendent  operations  ref°r  to  aircraft  approaching  parallel  run¬ 
ways  such  that  no  controller  intervention  occurs  for  the  purpose 
of  ensuring  longitudinal  spacing  between  the  aircraft.  Depen¬ 
dent  operations  refer  to  a  situation  in  which  two  aircraft 
approach  parallel  runways  and  at  least  one  of  the  aircraft  is 
subjected  to  controller  intervention  in  an  attempt  to  establish 
a  given  longitudinal  spacing  between  the  approaching  aircraft. 

It  is  assumed  fir  dependent  operations  that  at  some  range  beyond 
the  outer  marker,  the  controller  has  established: 

(1)  the  desired  longitudinal  spacing  between  the 
two  aircraft,  and 

(2)  the  nominal  approach  speeds  for  the  two  air¬ 
craft. 

It  is  further  assumed  that  once  the  spacing  and  approach  speeds 
have  been  established,  the  remainder  of  the  approach  occurs  with 
no  controller  intervention. 

Simplifying  assumptions  and  a  general  method  of 
approach  toward  developing  a  probability  of  collision  model  is 


Preceding  page  blank 
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presented  in  Section  2.6.1.  A  detailed  analytical  development 
for  probability  of  collision  models  for  cases  (a) ,  (b) ,  (c) , 
and  (d)  above  is  then  given  in  Sections  2. 6. 1.1,  2. 6.]. 2, 

2.6.1. 3,  and  2. 6. 1.4,  respectively. 

The  aircraft  lateral,  vertical,  and  longitudinal 
error  probability  density  functions  are  determined  in  Section 
2.5  and  presented  in  Appendix  H.  These  density  functions  are 
used  in  the  generation  of  the  required  probabilities  of  colli¬ 
sion,  as  discussed  in  Section  2.6.2.  Specific  runway  and  ap¬ 
proach  system  configurations  for  each  of  the  above  four  cases 
are  also  discussed  in  Section  2.6.2,  and  results  obtained  from 
all  combinations  outlined  in  Section  2.6.2  are  discussed  in 
Section  3.5  and  presented  in  Appendix  I.  The  probability  of 
collision  results  contained  in  Appendix  I  can  be  utilized  in  the 
determining  of  minimum  runway  spacing  as  described  in  Volume  I 
of  this  report  (Section  4). 

2.6.1  ANALYTICAL  DEVELOPMENT 

Figure  2. 6. 1-1  represents  the  geometry  and  coordi¬ 
nate  system  upon  which  the  general  form  of  the  probability  of 
collision  between  two  aircraft  is  based.  As  illustrated  in  the 
figure,  d  represents  the  separation  between  two  aircraft 
approaching  parallel  runways.  The  symbol  d  is  a  random  variable 
since  there  are  random  errors  in  the  aircraft  flight  path. 

The  most  general  expression  for  the  probability  of 
collision  as  defined  in  the  Lateral  Separation  Study  is  given  by 

X 

P  [d<A]  =J  fd(Ud?  (2. 6. 1-1) 


where 

X  represents  the  wing  span  of  the  particular  aircraft  in 
question 


and 

f  represents  the  probability  density  function  of  the  ran¬ 
dom  variable  d. 

The  evaluation  of  Equation  2. 6. 1-1  appears  to  be  simple  if  the 
density  function  fd  is  known  or  can  be  analytically  determined. 
However,  the  assumptions  employed  in  developing  Equation  2. 6. 1-1 
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vary  for  each  of  the  four  cases  mentioned  in  Section  2.6.  There¬ 
fore,  the  analytical  development  of  Equation  2.6. 1-1  for  each 
case  is  discussed  independently  in  the  remaining  four  sub¬ 
sections  to  this  section.  Assumptions  for  each  individual  case 
always  imply  a  worst  case  situation?  i.e.,  the  probability  of 
collision  model  developed  for  a  particular  case  represents  the 
most  conservative  model  for  aircraft  operating  under  normal 
conditions. 

2. 6. 1.1  STOL/STOL  Independent 

This  section  considers  the  analytical  development 
for  probability  of  collision  between  two  STOL  aircraft  flying 
independent  parallel  approaches.  As  illustrated  in  Figure 
2. 6. 1-2,  the  runways  are  parallel  and  separated  by  D  feet. 


"lidesloca 


‘  .i  ure  2 . 6 .1-2 

Pr^baMlit  '  Collision  Geometry  for 
STcr./STOL  Independent  Operations 


The  coordinate  system  is  defined  as  in  Figure  2. 6. 1-1;  thus, 

=  aircraft^  longitudinal  position 

Y^  =  aircraft^  lateral  position 

Zi  =  aircraft^  vertical  position  i  =  1,  2. 

The  analytical  development  presented  .in  the  remainder  of  this 
se  ;tion  utilizes  the  following  assumptions  for  STOL/STOL 
independent  operations : 

(i)  longitudinal  coincidence  is  maintained  between  air¬ 
craft  approaching  adjacent  runways,  i.e.,  X  =  X  ; 

(ii)  vertical  coincidence  is  maintained  between  aircrift 
approaching  adjacent  runways,  i.e.,  Z^  =  Z  ;  and 

(iii)  Y^  and  are  independent  and  normally  distributed 
random  variables,  and  N(u  ,cr|),  respec¬ 

tively  (S«-.  tion  2.5).  v 

For  STOL/STOL  independent  operations,  the  primary 
dimension  of  interest  is  lateral;  therefore,  a  lateral  distri¬ 
bution  is  utilized  in  the  determination  of  the  probability  of 
collision.  To  assure  a  worst  case  condition,  longitudinal  and 
vertical  coincidence  is  assumed;  thus,  no  statistics  are 
associated  with  these  dimensions. 

Referring  to  Figure  2. 6. 1-2,  the  probability  of  col¬ 
lision  for  independent  STOL/STOL  approaches  is  defined  as: 

P [d< X ]  =  P [d2 < A 2 ] ,  A<1 

=  P  t  {  (X1-X2)2^  (Yl-Y2)2  +  (Z-l^)2  <  X2] 

=  P[(Y1-  y2)2  <  )2] 

V 

=  p [-A  <  Yx-  Y2  <  X]  (2. 6. 1-2) 


where  , 

X  is  a  constant  (wing  span)  such  that  a  collision  occurs 
if  d<A. 


Now,  ^istr-ibutsd  a^2  +  2),  so 

that  Equation  2. 6. 1-2  becomes: 
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. . 


rn^ki 


where 


<?>  is  the  standard  normal  distribution 


function  defined  by 


Equation  2. 6. 1-3  then  represents  the  analytical  expression  for 
determining  probability  of  collision  for  STOL/STOL  independent 
operations . 

It  was  found  that  the  standard  normal  distribution, 
denoted  by  $($)  in  Equatio:.  2. 6. 1-3,  could  only  be  evaluated 
for  |S|<6  usin.,  standard  available  routines.  Since  it  was 
necessary  to  evaluate  this  expression  for  |£|>5,  a  method  was 
required  to  supplement  the  standard  procedure.  Therefore,  a 
table  of  values  for  Q(5)  =  1  -  <t(?)  from  E.  S.  Pearson  and 
H.  0.  Hartley  (Reference  1)  was  used  to  evaluate  $(£)  for 
U|>6.  A  portion  of  this  table  is  shown  in  Table  2. 6. 1-1. 

Since  the  only  values  of  £  given  in  the  tables  are  integers, 
values  of  -log1Q  Q(U  for  non-integer  values  of  £  were  obtained 
by  quadratic  interpolation;  e.g. ,  the  value  of  ~log10  Q(£)  for 
£  =  (non-integer)  is  obtained  as  follows; 


-log10  Q<50>  -  A1?o  +  A2  +  a3 


♦ 


* 


where  ^ 

A  =  2  [y  (Jx+2)-2y  (Jx+l)+y  (Jx)  ] 

2  2 

A2  =  y  (Jx+1)  -A^  vJx+1)  -y  (Jx)  +A.^  (Jx) 

A  =  y  (Jx)  -A,  (Jx)  2-A.,  (Jx) 

Jx  =  largest  integer  < 

and 

y(Jx)  =  -log^  'J(Jx)  as  indicated  in  Table  2. 6. 1-1.  There¬ 
fore,  if  -log  Q(E  )  =  v  ,  then  P(X>5  )  -  10~yo 

XU  o  o  o 
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and  a  close  approximation  to  ♦  {£  )  is  given  by 

,  •  I  ,  !  0 

${?o)  =  l-lo~y° 

2. 6. 1.2  CTOL/CTOL  Independent 

The  analytical  expression  used  in  determining  the 
probability  of  collision  for  CTOL/^TOL  independent  operations 
is  developed  in  this  section.  The  geometry  on  which  the  analy 
sis  in  t|hic  section  is  based  is  presented  in  Figure  2. 6. 1-3. 


Figure  2. 1-3 


Probability  of  Collision  Geometry  for  CTOL/CTOI.  Independent 
i  Operations  „ 

:The  analysis  for  CTOL/CTOL  independent  operations 
for  parallel'- runways  utilizes  the  following  assumptions: 

(i)  longitudinal  coincidence  exists  between  aircraft 
approaching  adjacent  runways,  i.e., 
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(ii)  vertical  coincidence  exists  between  aircraft 

approaching  adjacent  runways ,  i.e.,  z^  =  z^;  and 

(iii)  and  are  independent  random  variables  distri¬ 
buted  according  to  the  PDF's  obtained  from  Appendix 
H  for  VOR-CTOL  (Lateral),  BC-ILS-I-CTOL  (Lateral), 
and  FC-ILS-I-CTOL  (Lateral). 

As  stated  in  Section  2.6.1,  assumptions  (i)  and  (ii)  represent 
worst  case  conditions  upon  which  the  probability  of  collision 
model  developed  in  the  remainder  of  this  section  is  based. 

Since  X1  =  X and  Z^  =  Z the  probability  of  col¬ 
lision  is  defined  as: 

P[d<A]  =  P(-X<yi-Y2sX]  (2.6.1-4)  \ 


In  order  to  evaluate  Equation  2. 6. 1-4,  information  concerning 
the  probability  density  function  of  the  random  variable  S  =» 

Y1-Y2  is  required.  Since  the  analytical  forms  of  the  densities 
of  Y^  and  Y2  are  not  available,  the  density  of  S,  say  fg(s),  was 
obtained  as  the  convolution  of  density  outputs  for  Yj.  and  Y2  as 
defined  in  Appendix  H  for  the  particular  approach  systems  dis¬ 
cussed  in  assumption  (iii)  .  The  remainder  of  this  sub-section 
describes  how  fs(s)  is  determined  using  the  convolution  approach, 
and  the  subsequent  evaluation  of  Equation  2. 6. 1-4. 

The  density  fg(s)  can  be  expressed  as  the  convolu¬ 
tion  of  Y^  and  Y2 : 


fs(5)  =  / 


gv  (s-x)g  (-x)dT 
Yi  y2 


(2. 6. 1-5) 


where  gv  (•)  and  g„  (•)  denote  the  densities  of  Yi  and  Y9, 

Y1  y2 

respectively.  Since  g  and  g  are  solutions  to  the  Fokker- 

Y1  y2 

Planck  equation,  these  densities  are  defined  by  a  finite  number 
of  points  representing  the  respective  densities.  The  integral 
in  Equation  2.6. 1-5  is  then  evaluated  using  the  following 
procedure.  For  each  value  of  s,  fg(s)  is  obtained  by 

(a)  determining  the  smallest  value  of  t^,  such  that 
s-t-j^  and  t lie  in  the  domains  of  g^  and  gy  , 
respectively;  1  *2 
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(b)  determining  the  largest  value  of  t,  say  t2, 
such  that  s-t2  and  12  lie  in  the  domains  of 
g  and  g  ,  respectively?  and 

Y1  y2 

(c)  performing  a  trapezoidal  integration  as 
illustrated  in  Figure  2. 6. 1-4  to  determine: 

-  f2 

fg(s)  -  J  (s-x)gY  (-c)dt  (2. 6. 1-6, 


Equation  2. 6. 1-4  can  be  written  as: 


(s+t  +A)g  (t  +A) 
1  1  x2 


Figure  2. 6. 1-4  Graphical  Illustration  of  Convolution  Method 

Combining  Equations  2 ,6. 1-6  and  2. 6.1-7,  the  following  equation 
is  obtained: 


fX  f2 

P[d<X]  -II  gv  (s-T)gv  (-T)dTds 


(2,6. 1-8) 


4«!?5>SBTO.r.x. 


i 


5. 

g* 


Equation  2. 6. 1-8  then  provides  the  complete  analytical  expres¬ 
sion  used  in  determining  the  probability  ot  collision  for 
CTOL/CTOL  independent  operations. 


I 


& 

i 


r 


l 

| 
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2 . 6 . 1 . 3  CTOL/CTOL  Dependent 

The  probability  of  collision  for  CTOL/CTOL  dependent 
operations  is  developed  in  this  section.  Figure  2. '6. 1-5 
represents  the  geometry  associated  with  CTOL/CTOL  dependent 
operations.  It  should  be  noted  that,  unlike  preceding  cases, 
the  coordinate  system  on  which  the  analysis  in  this  section  is 
based  assumes  that  longitudinal  position  is  measured  along  the 
glideslope  plane  and  not  along  a  horizontal  extension  of  the 
runway  centerline.  Therefore,  vertical  position  is  measured 
perpendicular  to  the  glideslcre  plane;  i.e.,  positive  or  nega¬ 
tive  vertical  errors  imply  that  the  aircraft  is  above  or  below 
the  glideslope  plane,  respectively.  The  lateral  or  Y'-axis  is 
orthogonal  to  the  X'Z '-plane  with  the  origin  of  the  coordinate 
system  located  at  the  touchdown  point  of  runway  1. 


Figure  2. 6. 1-5 


Probability  of  Collision  Geometry  for 
CTOL/CTOL  Dependent  Operations 
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The  following  assumptions  regarding  CTOL/CTOL  depen¬ 
dent  operations  are  made  for  the  purpose  of  the  analysis  pre¬ 
sented  in  this  section: 

(i)  approaching  aircraft  are  assumed  to  be  in  the 
glideslope  plane,  i.e.,  =  0; 

(ii)  velocities  of  aircraft  1  and  2  are  assumed  to  be 
normally  distributed,  N(yi,  cr£)  and 
respectively  {from  Section  2.3);  and 

(iii)  yji  and  Y^  are  assumed  to  be  independent  random 
variables  governed  by  the  respective  densities 
output  as  solutions  to  the  Fokker-Planck  equation 
(from  Section  2.5). 

For  CTOL/CTOL  dependent  operations,  the  primary 
dimensions  of  interest  are  lateral  and  longitudinal;  therefore, 
lateral  and  longitudinal  distributions  are  utilized  to  determine 
the  probability  of  collision.  To  assure  a  worst  ease  condition, 
the  aircraft  are  assumed  to  remain  in  the  glideslope  plane 
(Z-[  =  Z'2  -  0);  thus,  no  statistics  are  associated  with  the  verti¬ 
cal  dimension.  Since  the  aircraft  velocity  is  assumed  to  be 
normally  distributed,  it  follows  from  the  analysis  in  Section 
2.3  that  the  longitudinal  position,  X|,  of  the  aircraft  is  nor¬ 
mal,  say  N(y  ,cr  2)  and  N  (y  ,o  2). 

*1  *1  2  2 

The  probability  of  collision  as  defined  in  the 
Lateral  Separation  Study  for  CTOL/CTOL  dependent  operations  is 
given  as: 


( y' _y 1 
\Y1  Y2 


(2.6. 1-9 ) 


In  order  to  evaluate  the  right-hand  side  of  Equation  2. 6. 1-9, 
new  random  variables  and  S2  are  incroduced 


where 


S1  =  xi~x2' 


S2  =  y;-y* 


(2.6.1-10) 
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Now  since  X>0, 


2  2  2 
s1+s2<X 


the  region  R  of  the  s1s2~plane  defined  by 


is  a  circle  (Figure  2. 6. 1-6)  with  radius  X;  therefore,  P[d<X] 
equals  the  probability  mass  in  the  circle  (Reference  2); 


Ptd£X1  =  ff  fSls2(si's2)dsids; 


(2.6.1-11) 


2  2  2 
S1+S2“X 


where 


SlS2*Sl,s2*  is  the  j°int  probability  density  of  and  S2. 
If  and  S2  are  assumed  to  be  independent,  then 

fS  S  (S1,S2}  Can  be  Written  as  fq  e  (SwS  )=f  (3  ).f  (S„) 

1  2  1°2  ±  *  bl  1  S2  c 

and  Equation  1-11  then  becomes: 


P[d<X]  =  JJ  f  (s  )f  (s  )ds  ds  . 

2  2  2  1  1  “2  1  12 

S1HS2-<A 


(2.6.1-12) 


As  illustrated  in  Figure  2. 6. 1-6,  an  upper  bound  which  provides 
a  close  approximation  to  Equation  2.6.1-12  is  the  region  R  ;  i.e. 


P  [d<X] 


(Sl)fS. 


(S2)d3ldS2 


(2.6.1-13) 


where 

R1  =  j( s^  , s 2 )  :  -X<s^<X ,  -X<s2<x|. 

The  right-hand  side  of  Equation  2.6.1-13  then  provides  the  ex¬ 
pression  upon  which  the  probability  of  collision  for  the  CTOL/ 
CTOL  dependent  case  is  based.  This  upper  bound  can  be  written 
as : 


2-195 


oe  SjS2-rlane  for  which 
ProMMlit’'  of  r°llision  is  Defined 

//f  S1(sl)fs,(s2)ds1as2 

R'  2 

X  X 

/fs  <sl!dsl/fs,  (s2)ds2 

-A  -X  2 

X 

[4>(t  )-<5(t  )J  f  f  (s  )ds_ 


(2.6.1-14) 


jkw&jw  • 


4>  =  stanujrd  normal  distribution 


Since  the.  densities  of  and  are  the  output  of  the  Fokker- 
Planck  equation,  the  integral  on  the  rignt-hand  side ! in  Equation 
2.6.1-14  is  evaluated  using  the  convolution  method  described  by 
Equations  2  f,  .1-5,  6,  and  7  in  Section  2. 6. 1.2. 

2 . 6 . 1 . 4  CTOL/STOL  Independent 

The  geometry  associated  with  the  CTOL/STOL  indepen¬ 
dent  operations  is  identical  to  the  CTOL/CTOL  independent  opera¬ 
tion;  c".  e  with  one  exception  -  the  glideslope  angle  for  the 
~'0\  ach  is  7.5  degrees  as  indicated  in.  Figure  2. 6. 1-7. 

Since  tue  approach  is  an  independent,  operation, 
lon^j.'.udinal  coincidence  (X^=X2)  is  assumed  to  assure  a  worst 
case  condition  as  in  tl  3  independent  approach  cases  analyzed  in 
Sections  2. 6. 1.1  and  2. 6. 1.2.  Other  assumptions  utilized  in 
the  analysis  given  in  this  section  are: 

(i)  Vertical  positions,  and  Z2 ,  of  aircraft '1  and 
2  are  normally  distribv.ted,  N(y^,aj[)  and  N^,^), 

respectively  (Section  2.5); 

(ii)  Y2  is  a  random  variable  distributed  according  to 
the  density  output  as  a  solution  to  the  Fokker-r 
Planck  equation  (Section  2.5);  and 

2 

(iii)  Y^  is  distributed  N (u  ,0  )  (Section  2.5). 

1  1 


The  primary  dimensions  of  interest  for  CTOL/STOL 
independent  operations  are  lateral  and  vertical;  therefore, 
lateral  and  vertical  distributions  are  utilized  ir>  the  deter¬ 
mination  of  probability  of  collision. 

Using  the  preceding  assumptions,  the  probability  of 
collision  for  CTOL/STOL  independent  approaches  is  defined  as 


P[d<U] 


F 


lVV2  +  (vv2 
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(2.6.1-15) 


„  . d!|JP4!!MLiP  *  '" 


•  i  s*  i* 


iS 


Employing  the  analytical  approach  outlined  by  Equations  2.6,1-11 
through  2.6.1-13,  the  formal  expression  for  the  probability  of 
collision  for  CTOL/STOL  independent  operations  is  given  as: 


P [d< A ]  -  r<Ht1)-$(t2)J  J  fg  (s2)ds2 

-X 


/■ 


(2.6.1-16) 


where 


h  - 


X-W1  +  P2 


2  2 

c  +  a 
1  2 


‘2  * 


+  U2 


2  ,  2 
ffl  +  °2 


4>  =  standard  normal  distribution. 


2.6.2 


PROBABILITY  OF  COLLISION  DATA  GENERATION 


As  stated  in  Section  2.6,  the  probability  of  col¬ 
lision  between  approaching  aircraft  is  used  in  considering  the 
reduction  of  the  present  lateral  spacing  criteria  between  paral¬ 
lel.  runways.  Analytical  forms  of  the  probability  of  collision 
models  for  the  STOL/STOL  independent  operations,  CTOL/CTOL 
independent  operations,  CTOL/CTOL  dependent  operations,  and 
CTOL/STOL  independent  operations  are  given  in  Equations  2.6. 1-3, 
8,  14,  and  16,  respectively.  This  section  describes  all  the 
combinations  of  aircraft  and  runway  configurations,  operations, 
and  approach  systems  for  which  probability  of  collision  data 
was  generated  in  the  Lateral  Separation  Study. 

Specific  combinations  for  CTOL/CTOL,  CTOL/STOL,  and 
STOL/STOL  aircraft  and  runway  configurations  are  described  in 
detail  in  Sections  2.5.2. 1,  2,  and  3  along  with  a  discussion  of 
the  probability  of  collision  .data  generated  for  each  combination. 
Results  based  on  the  combinations  described  in  these  sections 
are  included  in  Appendix  I  in  tabular  form  and  are  discussed  in 
Section  3.5.  An  explanation  of  the  tabular  organization  of 
results  is  also  furnished  in  Section  3.5.  Fiaure  2.6. 2-1 
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represents  a  classification  of  all  cases  considered  in  the 
probability  of  collision  data  generation  for  the  CTOL/CTOL, 

CTOL/STOL,  and  STOL/STOL  aircraft  and  runway  configurations. 

For  the  purpose  of  clarity,  an  explanation  of 
acronyms  and  nomenclature  shown  in  Figure  2.6. 2-1  will  now  be 
given  since  these  terms  are  used  throughout  the  remainder  of 
this  discussion. 

FC  -  Acronym  referring  to  "front  course"  Category  I  p 

ILS  approach  system. 

BC  -  Acronym  referring  to  "back  course"  Category  I 

ILS  approach  system.  * 

VOR  -  Acronym  for  an  approach  on  a  VOR/DME  (VHF 
Omnidirectional  Range/Distance  Measuring 
Equipment)  approach  system.  This  is  assumed  to 
be  conducted  inbound  "to"  the  station. 

FC/FC  -  Symbol  referring  to  two  Category  I  aircraft 
approaching  parallel  runways  via  FC  approach 
systems . 

FC/BC  -  Refers  to  two  Category  I  aircraft  approaching 
parallel  runway v  -  one  aircraft  using  a  FC 
approach,  and  the  other  using  a  BC  approach. 

FC/VOR  -  Refers  to  two  Category  I  aircraft  approaching 
parallel  runways  -  one  aircraft  using  a  FC 
approach  and  the  other  using  a  VOR  approach. 

The  maximum  range  at  which  probabilities  of  colli¬ 
sion  for  CTOL/CTOL  independent  and  dependent  operations  are 
calculated  is  the  turn-on  range.  The  turn-on  range  was  selected  * 
because  it  is  assumed  to  represent  the  worst  case  condition. 

At  ranges  greater  than  this  range,  vertical  separation  between 
parallel  approaches  increases;  therefore,  the  vertical  coinci¬ 
dence  assumption  is  no  longer  valid.  At  ranges  less  than  this 
range,  the  lateral  distribution  standard  deviation  decreases, 
resulting  in  lower  probabilities  of  collision.  Based  upon  the 
measured  distribution  data  from  Appendix  H,  the  apparent  turn¬ 
on  range  for  independent  operations  for  FC,  BC,  and  VOR  ap¬ 
proaches  was  6,  5,  and  6  NMi,  respectively.  Probabilities  of 
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Cases  Considered  in  Probability  of  Collision  Analysi 
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collision  were  also  evaluated  at  intermediate  ranges  of  four 
|  and  two  miles. 

I  Probabilities  were  calculated  at  these  ranges  for 

|  a  fixed  lateral  spacing  between  runways.  The  lateral  spacings 

I  considered  were  5000,  4300,  3500,  3000,  2500,  2000,  and  1500 

|  feet.  The  5000  feet  lateral  spacing  case  was. selected  since 

\  it  is  the  current  minimum  spacing  criteria  between  parallel 

runways  for  independent  IFR  operations.  The  lateral  spacing  of 
;  4300  feet  was  selected  as  another  case  since  this  number  re¬ 

presents  the  present  lateral  spacing  between  runways  at  several 
\  airports ,  The  remainder  of  the  lateral  spacings  considered  were 

i  chosen  so  as  to  represent  typical  spacings  between  3500  and  1500 

!  feet. 

Probabilities  of  collision  for  CTOL/STOL  and  STOL/ 

;  STOL  cases  were  considered  at  a  maximum  range  from  the  STOL 

touchdown  of  12,000  feet.  The  12,000  foot  range  was  chosen 
[  since  it  is  the  maximum  range  from  the  touchdown  for  which 

!  measured  STOL  distribution  data  was  available;  thus,  it 

represents  the  apparent  turn-on  range  for  the  STOL  aircraft. 
Probabilities  of  collision  were  calculated  for  the  same  lateral 
spacings  as  considered  for  the  CTOL/CTOL  case. 

The  parameter  representing  aircraft  wing  span,  A, 
was  assumed  to  be  200  feet  for  all  probability  of  collision 
calculations.  This  parameter  represents  a  worst  case  condition 
:  since  it  is  approximately  the  wing  span  of  the  largest  class  of 

aircraft  considered  (Boeing  747)  in  this  study  (Reference  3) . 
i  All  distribution  data  required  for  a  probability  of  collision 

;  calculation  of  the  cases  at  the  previously  described  ranges 

is  contained  in  Appendix  H.  The  means  of  these  distributions 
were  assumed  to  define  an  "ideal"  track,  i.e.,  on  an  extension 
|  of  the  runway  centerline,  in  the  glideslope  plane  and  traveling 

i  at  the  nominal  approach  speed. 

t 

|  2 . 6 . 2 . 1  CTOL/CTOL  -  Probability  of  Collision  Data  Generation 

<  Specific  combinations  of  approach  systems  for  the 

|  CTOL/CTOL  aircraft  and  runway  configuration  for  which  probabi- 

)  lity  of  collision  data  were  generated  include: 

!  (a)  FC/FC  -  Independent 

j  (b)  FC/VOR  -  Independent 

i  (c)  FC/BC  -  Independent 

(d)  FC/FC  -  Dependent 

;  The  model  used  for  generating  probability  of  collision  data  for 

combinations  in  (a),  (b),  and  (c)  is  given  by  Equation  2. 6. 1-8. 
Equation  2.6.1-14  represents  the  model  used  to  generate  data  for 
combination  (d) . 
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The  evaluation  of  Equation  2. 6. 1-8  for  case  (a)  above 
was  accomplished  by: 

(1)  evaluating  the  expression  for  g  and  g 

Y1  '  Y2 

where  g  is  the  probability  density  function 
Y1 

(PDF)  at  the  initial  range  for  the  FC-ILS-I- 
CTOL  (Lateral)  system  from  Appendix  H,  and 
g  is  identical  to  g  but  has  a  mean  equal 
Y2  Y1 
to  the  lateral  spacing  between  the  runways 
(D) 

(2)  repeating  step  (1'  with  the  lateral  error 
PDF's  for  the  ranges  of  four  miles  and  two 
miles ;  and 

(3)  repeating  the  two  preceding  steps  for  lateral 

spacings  of  1500,  2000,  2500,  3000,  3500, 
and  4300  feet.  , 

These  three  steps  are  the  same  for  evaluating  probabilities  of 
collision  for  cases  (b)  and  (c)  except  that  g  represents  the 

Y2 

PDF's  for  VOR-CTOL  (Lateral),  and  EC-ILS-I-CTOL  (Lateral),  from 
Appendix  H  for  the  respective  cases.  A  detailed  description 
of  these  PDF's  is  furnished  in  Appendix  H. 

Figure  2.6. 2-2  illustrates  the  conditions  for  which 
probabilities  of  collision  were  generated  for  FC/FC  dependent  ( 
operations  (case  (d) ) .  As  indicated  in  the  figure,  probability 
of  collision  data  generation  was  divided  into  four  main  cases. 

The  primary  difference  between  the  cases  is  that  each  repre¬ 
sents  a  different  nominal  longitudinal  spacing  between  approach¬ 
ing  aircraft. 

As  stated  previously,  for  dependent  operations, 
it  is  assumed  that  at  some  range  greater  than  the  outer  marker, 
the  controller  has  established  the  desired  longitudinal  spacing 
between  the  two  aircraft  and  the  nominal  approach  speeds  for 
the  two  aircraft.  This  range  is  assumed  to  be  9  nmi  (54720  feet), 
which  corresponds  to  the  approximate  range  at  which  the  1000  foot 
vertical  separation  is  lost.  It  is  further  assumed  that  the  nom¬ 
inal  approach  speeds  for  the  two  aircraft  are  equal.  Based  upon 
the  preceding  assumptions  and  the  nominal  longitudinal  spacings 
noted  in  Figure  2. 6. 2-2,  the  FC-ILS-I-CTOL  (Longitudinal)  PDF's 
for  the  two  aircraft  were  selected  from  Appendix  H  at  the  appro¬ 
priate  ranges. 
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Cases  Considered  in  Probability  of  Collision  for 
CTOL/CTCL  Dependent  Operations 
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Equation  2.6.1-14  represents  the  model  used  in 
generating  the  probability  of  collision  for  all  four  cases. 

The  lateral  PDF's  used  are  those  for  the  FC-ILS-1-CT0L  (Lateral) 
system  (Appendix  H)  at  the  appropriate  ranges. 


2 . 6 . 2 . 2  CTOL/STOL  -  Probability  of  Collision  Data  Generation 

The  range  interval  over  which  the  probability  of 

collision  for  a  CTOL/STOL  -  FC/FC  -  independent  operation  is 
calculated  is  shown  in  Figure  2.6. 2-3.  The  maximum  range 
(12,000  feet)  is  determined  as  being  the  range  at  which  the 
1C00  foot  vertical  separation  is  lost  and  the  minimum  range 
(5000  feet)  corresponds  to  that  range  where  the  CTOL  aircraft 
"go  visual",  i.e.,  200  feet  altitude  for  Category  I  operating 
conditions . 

Figure  2. 6. 2- 4  illustrates  the  runway  configurations 
and  corresponding  ranges  from  the  touchdown  at  which  probabili¬ 
ties  of  collision  were  calculated. 

The  distributions  used  for  the  STOL  FC-ILS  approach 
are  those  for  the  FC-ILS-I-STOL  (Lateral  and  Vertical)  systems 
defined  in  Appendix  H  (both  are  gaussian) ,  and  the  CTOL-FC-ILS 
distributions  are  those  defined  in  Appendix  H  for  the  FC-ILS- 
I-CTOL  (Lateral  *nd  Vertical)  systems  at  the  ranges  indicated 
in  Figure  2. 6. 2-4. 

The  CTOL/STOL  runway  configuration  indicated  in 
Figure  2. 6. 2-5  was  eliminated  since  the.  point  at  which 
vertical  separation  was  one  thousand  feet  occurred  after  the 
CTOL  aircraft  have  gone  VFR. 

2. 6. 2. 3  STOL/STOL  -  Probability  of  Collision  Data  Generation 

Probability  of  collision  data  for  5TOL/STOL-FC/FC- 

irdependent  approaches  was  generated  at  ranges  from  the  touch¬ 
down  of  12,000,  7,000,  and  1,000  feet.  The  lateral  error  PDF's 
(gaussian)  are  given  in  Appendix  H  for  the  FC-ILS-I-STOL 
(Lateral)  system  at  the  appropriate  ranges.  The  analytical 
model  used  in  generation  of  probability  of  collision  data  for 
STOL/STOL  approaches  is  given  by  Equation  2. 6. 1-3.  Results 
are  discussed  in  Section  3.5  and  presented  in  Appendix  I. 
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Figure  2.6. 2-4  Runway  Configurations  Considered  for 
CTOL/STOL  Indt  endent  Operations 


Figure  2. 6. 2-5 


CTOI./STOL  Threshold  Displacement  for  which 
Probability  of  Collision  Was  Not  Considered 


SECTION  2.7 


BLUNDER  ANALYSIS 

This  portion  of  the  Lateral  Separation  Final  Report 
is  an  investigation  of  the  airspace  required  for  recovery  from 
abnormal  operations,  blunders.  This  airspace  is  defined  as 
the  total  lateral  extension  of  the  normal  operating  zone  (NOZ) 
required  to  bring  a  blundered  a *. •'craft  to  a  course  parallel  with 
either  the  runway  centerline  o'  'arallel  to  the  course  of  the 
aircraft  in  the  adjacent  paralijl  approach  path. 

There  are  two  basic  types  of  blunder  situations  that 
are  considered  in  the  evaluation  of  the  runway  separation 
requirements.  Type  1  blunders  occur  when  an  aircraft  that  is 
on  a  track  which  intercepts  the  approach  course  at  10°,  20°,  or 
30°  passes  through  the  normal  operating  zone  and  proceeds 
toward  the  adjacent  track.  Type  1  blunders  would  typically 
occur  during  curved  approach  operations  as  the  aircraft  turns 
from  the  base  leg  onto  the  final  leg.  Due  to  large  intercept 
angles  between  the  base  leg  and  final  leg,  overshoots  could 
easily  occur  causing  a  type  1  blunder.  Type  2  blunders  occur 
when  an  aircraft  which  is  established  on  the  final  approach 
course  (within  the  normal  operating  zone)  makes  a  turn  toward 
the  adjacent  course  at  15°,  30°,  or  45°.  Type  2  blunders  would 
typically  be  caused  by  a  system  malfunction  -  either  equipment 
or  pilot. 

The  remainder  of  this  section  is  divided  into  sub¬ 
sections  which  analyze  recovery  operations  for  single  aircraft 
maneuvers  and  recovery  operations  for  dual  aircraft  maneuvers. 
The  parameters  used  in  both  analyses  are  contained  in  Table 
2.7-1. 

In  the  following  blunder  analyses,  the  quantity 
being  sought  is  the  recovery  airspace  required,  measured  from 
the  action  point  (assumed  to  occur  at  NOZ).  The  blunder  analy¬ 
ses  are  not  dependent  upon  the  "cause"  of  the  blunder;  there¬ 
fore,  type  1  and  type  2  blunders  are  analyzed  identically. 

The  action  point  is  defined  as  the  initial  point  at 
which  the  controller  should  identify  a  blunder.  For  this 
analysis  it  is  assumed  that  the  blunder  is  identified  by  a 
"position  only"  measurement  technique;  therefore,  the  action 
point  is  coincident  with  the  NOZ  boundary.  If  the  measurement 
technique  could  sense  heading  and  velocity,  the  action  point 
would  occur  sooner,  i.e.,  some  place  within  the  NOZ,  and  the 
required  blunder  recovery  airspace  would  be  reduced. 


Preceding  page  blank 
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Table  2.7-1  Blundered  Aircraft  Parameter  Values 


Parameters 

Values 

Uni  is 

Departure  Angles 

Type  1  Blunder 

10,  20,  and  30 

degrees 

Type  2  Blunder 

15,  30,  and  45 

degrees 

DAS  Range  Accuracy  (e  ) 

1.5,  1.0,  .5, 

percentages 

and  .  2 

of  range 

DAS  Azimuth  Accuracy  (e^) 

1.5,  1.0,  and  . 5 

degrees 

DAS  Update  Delays 

4,  2,  1,  .5.  .1, 

seconds 

Aircraft  velocities 

and  .01 

60,  80,  100,  120, 

knots 

Aircraft  Bank  Angles 

140,  and  150 

10,  20,  30,  and  40 

degrees 

Pilot/Aircraft  Reaction  Times 

1.5,  5,  and  8 

seconds 

Communication  Times 

1  to  10 

seconds 

2.7.1  SINGLE  AIRCRAFT  ANALYSIS 

2 . 7 . 1 . 1  Introduction 

The  purpose  of  the  single  aircraft  analysis  is  to 
evaluate  the  cross-track  distance  (blunder  recovery  airspace/ 
required  for  an  aircraft  to  recover  from  the  type  1  and  type 
2  blunders.  The  blunder  recovery  maneuver  is  assumed  to  be 
a  coordinated  turn  in  the  gliieslopa  plane  performed  by  the 
blundering  aircraft.  It  is  necessary  to  establish  a  set  of 
ground  rules  and  assumptions  to  serve  as  a  guideline  through¬ 
out  the  single  aircraft  analysis.  These  ground  rules  and 
assumptions  are  presented  and  explained  in  the  following 
section. 

2. 7. 1.2  Approach 

The  blunder  recovery  airspace  required  for  a  single 
aircraft  to  recover  from  either  of  the  two  types  of  blunder 
situations  is  evaluated  by  considering  the  geometry  of  the 
situation.  In  the  type  2  blunder,  the  requirement  for  a 
corrective  command  from  the  controller  is  not  known  until  t-»e 
controller's  presentation  of  the  aircraft  position  reaches  the 
defined  normal  operating  zone  limit.  In  normal  operating 
circumstances,  aircraft  entering  at  large  intercept  angles  are 
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advised  of  their  proximity  to  the  extended  runway  centerline; 
however,  depending  on  the  pilot  reaction  and  other  factors,  the 
type  1  blunder  may  not  be  alleviated,  in  the  worst  case,  the 
controller  does  not  detect  the  violation  of  the  decision 
boundary  until  the  aircraft  has  moved  a  cross-track  distance 
equal  to  its  cross-track  velocity  times  the  Data  Acquisition 
System  (DAS)  update  time  and  the  DAS  system  error.  See 
Figure  2.7. 1-1  for  a  pictorial  representation  of  this  situa¬ 
tion.  The  controller  then  transmits  a  correction  maneuver 
command  to  the  pilot.  Because  of  the  requirement,  for  ad¬ 
dresses  in  rhe  command,  the  action  information  is  not  actually 
available  to  the  pilot  for  a  period  cf  a  few  seconds.  In 
this  time  and  the  time  it  takes  for  the  pilot  and  aircraft  to 
react,  the  aircraft  continues  along  its  deviated  flight  path. 

If  at  this  point  the  aircraft  starts  a  corrective  maneuver, 
the  aircraft  is  fully  corrected,  in  terms  of  heading,  within 
a  distance  proportional  to  the  amount  of  heading  change.  The 
total  of.  all  these  contributions  constitute  the  blunder  re¬ 
covery  airspace. 

The  equations  used  for  the  single  aircraft  analysis 
are  derived  from  the  geometric  representation  shown  in  Figure 
2. 7. 1-1.  Since  the  normal  operating  zone  boundary  is  the 
action  point  to  start  the  single  aircraft  blunder  analysis, 
both  type  1  and  type  2  bounders  are  analyzed  through  the  same 
techniques  and  equations.  The  nomenclature  for  the  single 
aircraft  analysis  equations  is  as  follows: 

=  Summed  Delays  =  Data  Acquisition  System  Update 
Delay  +  Communication  Time  +  Pilot/ Aircraft 
Reaction  Time 

3  =  Departure  Angle 

V  =  Aircraft  Velocity 

4>  =  Bank  Angle 

i(»  =  Turn  Rate  (dijj/dt) 

EDAS  =  Data  Acquisition  System  Error 

The  distance  traveled  by  the  blundered  ail craft 
during  the  delays  of  the  data  update  time,  communication 
time,  and  pilot/aircraft  reaction  time  is  given  by 
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Figure  2. 7. 1-1 


Single  Aircraft  Geometric  Analysis  of  the  Two  Types  of  Blunaers 
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and  is  derived  from  the  geometric  representation.  This 
geometric  analysis  generally  follows  that  developed  by  Blake 
and  Smith  (Reference  1) . 

The  distance  traveled  during  the  recovery  maneuver 

(perpendicular  to  the  NOZ  boundary)  must  also  be  defined. 

This  .istance  is  determined  from  Pigure  2. 7. 1-2  as 

“turn  =  R(1-cos6) 


where  R  is  the  radius  of  turn,  and 


R  =  2 
<f" 


V 


Therefore , 

D  =  -(1-cosS), 

TURN  ; 

V 

where  the  turn  rate  if)  is  determined  from 
32.2  tan  <f> 


<f)  = 


V 


(2.7. 1-1) 


This  equation  was  derived  in  Appendix  A. 

There  is  also  a  lateral  distance  due  to  the  worst 
case  errors  of  the  DAS  that  can  be  considered.  However,  this 
^stance  „•  s  dependent  upon  the  location  of  the  DAS,  which  is 
dependent  on  the  specific  airport  configuration;  therefore, 
the  DAS  error,  EDAS,  is  evaluated  separately.  However,  EDAS 
will  continue  to  be  included  throughout  the  blunder  analysis 
due  bo  its  effect  on  the  total  recovery  area. 

The  procedure  for  estimating  EDAS  for  a  specific 
configuration  is  discussed  below.  The  EDAS  considered  is 
only  that  component  which  contributes  to  the  lateral  recovery 
airspace  for  a  given  blunder  correction.  Two  DAS  error 
sources  are  considered  in  tnis  analysis  -  range  error  (eR)  and 
azimuth  error  (e^).  DAS  lateral  position  errors  are  primarily 
affected  by  these  errors. 
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In  order  to  estimate  the  EDAS,  it  is  necessary  to 
know  the  location  of  both  the  DAS  antenna  as  well  as  the  blun¬ 
dered  aircraft.  These  locations  are  specified  as  follows: 

X  -  Aircraft  ground  range  to  touchdown,  ft. 

a/  c 


A/C 


Aircraft  lateral  location  from  the  runway 
centerline,  ft. 


Z  -  Aircraft  altitude,  ft. 

A/C 

X  -  DAS  antenna  ground  range  from  touchdown,  ft. 
DAS 


DAS 


DAS  antenna  lateral  location  from  the  runway 
centerline,  ft. 


Z  -  DAS  antenna  altitude,  ft. 

r in  n 


DAS 


Figure  2. 7. 1-3  illustrates  a  possible  DAS  location  configura¬ 
tion.  Determination  of  the  lateral  component  of  the  DAS 
positional  error  (EDAS)  due  to  range  error  and  azimuth  error 
is  illustrated  in  Figure  2. 7. 1-3  and  shown  below. 


EDAS  =  E,  cosp  +  E  sinp 
A  R 


(2. 7. 1-2) 


where 


E,  =  R  tan  e, 
A  A 


E  ■  = 


£R  R 


R  100 


(2. 7. 1-3) 
(2. 7. 1-4) 


R  "  ^DA^^Vc^  +  (YDA5  “  YA/C>  +  UDAS  ZA/C* 


p  =  tan 


-1 


Y  -  Y 
DAG  A/C 

XDAS  "  XA/C 


(2. 7. 1-5) 

(2. 7. 1-6) 


Possible  values  to  consider  for  and  eR  are  listed 
in  Table  2.7-1.  The  resulting  value  of  EDAS  for  a  specific  DAS 
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location  configuration  should  be  added  to  the  blunder  recovery 
airspace  data  as  discussed  in  the  following  sections. 

1  The  final  equation  for  the  total  distance  traveled 

by  a  single  blundered  aircraft  in  a  recovery  maneuver  is 


=  VT,  sinB  +  EDAS  +  —  (l-cos0) 
TOTAL  1  ^ 


(2. 7. 1-7) 


2.7. 1. 3  Results 

The  single  aircraft  analysis  is  used  to  determine 
the  minimum  airspace  required  for  an  aircraft  to  recover  from 
either  of  the  two  types  of  blunder ■ situations.  Equations 
! 2. 7. 1-1  and  2. 7. 1-7  were  used  to  define  the  blunder  recovery 
airspace.  These  equations  were  solved  for  combinations  of 
the  parameter  values  listed  in  Table  2.7-1.  EDAS  was  set  to. 
zero  in  the  equations.  The  lateral  recovery  airspace  re¬ 
quired  for  parameter  combinations  for  the  single  aircraft 
blunder  analysis  is  presented  in  tabular  form  in  Appendix  J.  ' 
Values  'for  EDAS  should  be  added  to  thdse  data  when  the  posi¬ 
tion  of  the  DAS  antenna  with  respect  to  the  blundered  aircraft 
is  known  or  can  be  approximated  (Equations  2. 7. 1-2  through  6). 

Typical,  output  data  from  the  single  aircraft 
analysis  is  contained  in  Table  2. 7. 1-1.  This  table  is  a‘ 
selected  sample  of  the  data  in  Appendix  J,  and;  the  column 
i  headings  are  explained  as  follows: 


Departure  Angle  (deg.)  -  the  angle  at  which  a  blundered 
aircraft  heads  toward  the  adjacent  approach  course  measured 
from  the  extended  runway  centerline. 

i 

Vs loci ty  (knots)  -  the  velocity  of  the  blundered  aircraft. 

Bank  Angle  (deg.)  -  the  bank  angle  that  the  blundered  aircraft 
uses  to  make  the  corrective  maneuver. 

1  Summed  Delays  (sec.)  -  a  total  of  all  the  delays  of  the 
blundered  aircraft,  including  DAS  Update  Delay,  Communication 
Time,  and  Pilot/Aircraft  Reaction  Time. 

Blunder  Recovery  Airspace  (ft.)  -  the  lateral  recovery  airspace, 
excluding  EDAS,  required  for  a  blundered  aircraft  to  recover 
from  the  type  1  and  type  2  blunders,  measured  from  the  action 
point  and  perpendicular  to  the  extended  runway  centerline. 

‘  ■  1  i 
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Table  2. 7. 1-2  illustrates  a  reference  blunder  case 
and  shows  the  changes  of  the  blunder  recovery  airspace  with 
respect  to  the  variations  of  each  parameter.  The  reference 
blunder  case  is  shown  in  Figure  2. 7. 1-4  to  illustrate  the 
meaning  of  each  parameter.  Table  2. 7. 1-2  also  shows  the  best 
case  blunder  conditions  and  the  worst  case  blunder  condi¬ 
tions  for  the  parameter  set  considered. 

The  reference  blunder  case  illustrated  .in  Table 
2. 7.1-2  was  also  used  to  determine  the  sensitivity  coeffi¬ 
cients  of  the  parameters  used  in  the  lateral  recovery 
airspace  solution.  As  shown  in  Table  2. 7-1-2,  these  para¬ 
meters  were  the  departure  angle  (0),  summed  delays  (T^), 
velocity  (V) ,  and  bank  angle  (4> ) .  Each  parameter  was  varied, 
and  its  sensitivity  coefficient  was  calculated  by 

_  AD 
SP  AP 

where  AD  is  the  change  in  the  lateral  recovery  airspace  due 
to  a  change  of  AP,  and  AP  is  the  change  in  the  selected 
parameter.  The  coefficients  were  found  to  be 

s’?  -  34.34  ft. /deg. 

p 

S®  =  57.73  ft. /sec. 

“1 

.  s”  =  7.14  ft. /knot 

S?  -  -4.10  ft. /deg. 

$ 

Figure  2.7. 1-5  illustrates  how  the  blunder  sensi¬ 
tivity  was  calculated.  From  these  sensitivity  coefficients, 
it  can  be  seen  that  the  "summed  delays"  parameter,  ,  is  the 
major  contributor  to  the  lateral  recovery  airspace;  whereas, 
the  aircraft  bank  angle,  <j>,  contributes  the  least  to  the 
recovery  airspace. 

The  output  of  the  single  aircraft  blunder  analysis 
was  verified  by  the  use  of  the  system  model  and  by  manually 
checking  randomly  selected  cases. 
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Table  2. 7.1-2  Single  Aircraft  Data  Trends 
(Excluding  DAS  Error) 


Type  1  Blunder 
Trajectory 


Blunder  Recover.: 
Airsoaco  of  ->11.95 
|  (Excludir.o  "AS  Erro 


Distance  Traveled 
During  Turn  of 
3C°  Bank  \ngle 


Distance  Traveled 
During  9  Seconds 
Summed  Oeia 


Aircraft  7elocit/ 
=  100  knots 


Type  2  Plun  ter 
Trajectory 


Figur®  7. 1-4  ar.encs  Blunder  Case  for  Single  •  ;raft 
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Figure  2. 7. 1-5  Blunder  Sensitivit 


2.7.2 


2. 7. 2.1  Introduction 

The  purpose  of  the  dual  aircraft  analysis  is  to 
evaluate  the  blunder  recovery  airspace  required  for  a  blundered 
aircraft  to  recover  from  the  type  1  and  type  2  blunders.  The 
dual  aircraft  analysis  assumes  that  the  blundered  aircraft 
does  not  respond  to  controller  warnings;  therefore,  it  is 
necessary  for  the  controller  to  command  an  avoidance  maneuver 
for  the  adjacent  aircraft  approaching  the  adjacent  runway.  The 
recovery  of  the  blundered  aircraft  is  considered  complete  when 
the  heading  of  the  blundered  aircraft  is  the  same  as  the  heading 
of  the  aircraft  on  the  adjacent  approach  course,  meaning  that 
both  aircraft  are  flying  parallel  courses  at  that  instant.  There 
fore,  this  analysis  technique  not  only  requires  maneuvering  the 
blundered  aircraft  out  also  requires  maneuvering  the  aircraft 
on  the  adjacent  course.  The  same  set  of  ground  rules,  assump¬ 
tions,  and  parameters  used  for  the  single  aircraft  analysis  are 
used,  along  with  other  assumptions,  to  serve  as  a  guideline 
throughout  the  dual  aircraft  analysis. 


DUAL  AIRCRAFT  ANALYSIS 


2 . 7 . 2 . 2  Approach 

The  geometry  of  the  situation  is  again  used  in  the 
evaluation  of  the  required  blunder  recovery  airspace.  Figure 
2. 7.2-1  is  a  pictorial  representation  of  the  dual  aircraft 
maneuver  situation.  In  both  types  of  blunders,  the  require¬ 
ment  for  a  corrective  command  from  the  controller  is  not  known 
until  the  controller's  presentation  of  the  blundered  aircraft 
position  reaches  the  defined  NOZ  limit.  However,  the  con¬ 
troller  does  not  detect  the  violation  of  the  decision  boundary 
until  the  blundered  aircraft  has  moved  a  cross-track  distance  ’ 
equal  to  its  cross-track  velocity  times  the  DAS  update  delay  and 
the  DAS  system  error.  The  controller  then  transmits  a  cor¬ 
rection  maneuver  to  the  pilot  of  the  blundered  aircraft. 

After  allowing  time  for  the  blundered  aircraft  to  respond  to 
the  corrective  maneuver  issued,  the  controller  alerts  the 
controller  of  the  aircraft  on  the  adjacent  approach  course. 

The  blundered  aircraft  now  has  traveled  an  additional  cross¬ 
track  distance  due  to  the  delays  of  the  controller's  communi¬ 
cation  time.  While  the  blundered  aircraft  is  traveling  an 
even  farther  cross-track  distance  due  to  the  delays  of  the  pilot 
and  the  aircraft,  the  controller  of  the  adjacent  aircraft  is 
responding  to  the  situation  and  transmitting  a  message  to  his 
aircraft  to  maneuver.  At  this  point  in  time,  the  blundered 
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Blunder  Recovery 
Airspace 


Type  1 

Blunder 

Trajectory 


|  Distance  Traveled 
During  Aircraft  1 
^  Delay? 

I  Da ha  Ac~uisi-/ 
►  K-  tion  S/s-y 
l  tem  Error/- 


X 


Departure 

Ancle 


Auction 

Point 


V 
X  ; 

Points  at  j 
which  Both  I 
Aircraft  Have 
Equal  Head-  I 
ings 


Type  2  Blunler 
Trajectory 


Air¬ 

craft 

2 

Delays 


Figure  2. 7. 2-1  Dual  Aircraft  Geometric  Analysis 
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aircraft  has  started  its  correction  maneuver,  and  the  adjacent 
aircraft  starts  its  maneuver  after  the  pilot  and  aircraft 
delays.  When  the  heading  of  the  adjacent  aircraft  becomes 
equal  to  that  of  the  blundered  aircraft,  the  blunder  condi¬ 
tion  is  considered  to  be  corrected.  Knowing  these  conditions 
and  delays,  it  is  possible  to  determine  the  cross-track  dis¬ 
tance  traveled  by  the  blundered  aircraft  before  the  blunder 
condition  was  corrected. 

The  procedure  described  above  is  best  defined  as 
a  sequence  of  delays  which  directly  affects  the  cross-track 
distance  traveled  by  a  blundered  aircraft.  This  sequence  is 
illustrated  in  Table  2. 7. 2-1  and  is  used  to  derive  equations 
for  cross-track  distance  evaluation  of  the  blundered  aircract. 
It  should  be  noted  that  the  DAS  error  is  evaluated  separately, 
as  explained  in  Section  2.7.1. 2. 

The  nomenclature  for  the  dual  aircraft  analysis 
equations  is  as  follows: 

3  =  Departure  Angle  of  the  Blundered  Aircraft 
=  Velocity  of  Blundered  Aircraft 

T^  =  Blundered  Aircraft  Summed  Delays  =  DAS  Update 
Delay  +  Controller^  Communication  Time 
+  Pilot j/Aircraft^  Reaction  Time 

4>^  =  Bank  Angle  of  Blundered  Aircraft 
-  Turn  Rate  of  Blundered  Aircraft 
EDAS  =  DAS  Error 

■  T2  =  Adjacent  Aircraft  Summed  Delays  =  Controller^ 

to  Controller  Delay  +  Controller  Communication 
Time  +  Pilot2/Aircraft2  Reaction  Time 

c 

i|)_  =  Turn  Rate  of  Adjacent  Aircraft 

The  blundered  aircraft  parameters  considered  in 
this  analysis  are  listed  in  Table  2.7-1  and  the  adjacent 
aircraft  parameters  are 

T2  =  1,  4,  7,  10  seconds 

r  =  "3  deg. /sec. 
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Table  2. 7. 2-1 


Dual  Aircraft  Blunder  Analysis 
Sequence  of  Delays 


Blundered 

Adjacent 

Aircraft 

Aircraft 

(1) 

DAS  update  delay 

- 

(2) 

Controller^  communication 
time 

(3) 

Pilot^  reaction  time 

(4) 

Aircraft  response  time 

(4) 

Controller  to  Controller 

X 

delay  1 

(5) 

Aircraft  turn  time 

(5) 

Controller  communication 

time 

(6) 

Pilot2  reaction  time 

(7) 

Aircraft2  response  time 

(8) 

Aircraft2  turn  time 

- ■ <i— * i; *  < ';. .'"  ' 
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The  total  cross-track  distance  traveled  by  the 
blundered  aircraft  is 


D  =  d  +  d  +  EDAS, 

TOTAL  1  2 


(2. 7. 2-1) 


where  d  is  the  lateral  distance  the  blundered  aircraft 
travels  during  the  blunder  summed  delays,  T. 


d.  =  V.  T,  sing, 

1  1  j. 


EDAS  =  DAS  Error. 


(2. 7. 2-2) 


(2. / .2-3) 


EDAS  is  evaluated  for  a  specific  DAS  antenna  location  as 
explained  in  Section  2.7.1. 2  (Equations  2. 7. 1-2  through  0>)  . 
Therefore,  it  is  necessary  to  find  d^,  the  distance  traveled 
by  the  blundered  aircraft  during  the  turn  maneuver. 

To  determine  the  distance  d^ ,  it  is  first  necessary 
to  determine  the  time  required  for  the^ blundered  aircraft 
to  perform  the  turn  maneuver,  T  shown  in  Figure  2. 7.2-2. 

The  time  at  which  the  blunder  has  been  corrected,  T  ,  is 
determined  from  Figure  2. 7. 2-2.  After  determining  tf,  Tturn  ^ 
is  determined.  The  graph  indicates  heading  angle  versus 
time  for  both  the  blundered  aircraft  and  the  adjacent  aircraft. 
•The  blundered  aircraft  is  flying  at  a  heading,  <1^,  of  180°-3 
and  the  adjacent  aircraft  is  flying  at  a  heading,  ij>2 ,  of 
180°,  where  180°  is  assumed  for  computational  convenience 
to  be  a  course  parallel  to  the  runway  centerline.  As  shown, 
the  blundered  aircraft  first  initiates  its  bank  angle  at 
Tj  causing  its  heading  to  change  at  an  assumed  constant  turn 
rate.  This  rate  is 


32.2  tan<j>^ 


(2. 7. 2-4) 


At  a  later  point  in  time,  T2,  the  adjacent  aircraft  initiates 
its  bank  angle  maneuver,  causing  its  heading  to  also  change  at 
a  turn  rate  assumed  to  be  constant.  This  rate  is  defined  to  be 

i>2  =  -3°/sec .  (2. 7. 2-5) 

Initiating  these  constant  rates  of  turn  causes  the  heading  angles 
of  both  aircraft  to  change  at  slopes  equal  to  and  i{>2«  The 
point  at  which  the  heading  angles  of  each  aircraft  are  equal, 
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t|>3 ,  determines  the  time  at  which  both  aircraft  are  on  parallel 
courses  (Tp) ?  i.e.,  the  blunder  has  been  resolved.  For  the 
blundered  aircraft, 


*3  =  *1TF  +  *01 


(2.7.2-61 


where 


*01  ‘  *1  -  *lV 


(2.7.2-71 


and  for  the  adjacent  aircraft, 


*3  ”  *2TF  +  *02 


(2.7.2-81 


V02  -  *2  '  *2*2* 


(2.7.2-91 


Equating  Equations  2. 7. 2-6  and  2. 7. 2-8  and  solving  for  T 


yields 


^02  ^01 

T  =  — = - for  ^  <180°  . 

F  •  •  3 

*1  '  *2 


(2.7.2-10) 


At  this  point,  it  should  be  noted  that  if  the  de¬ 
lays  of  the  adjacent  aircraft  are  too  large,  it  is  possible 
for  the  blundered  aircraft  to  correct  the  blunder  by  achiev¬ 
ing  a  course  parallel  with  its  own  approach  course  before  the 
adjacent  aircraft  can  start  its  maneuver.  In  this  case, 

=  180°  and  T  is  determined  from  Equation  2.7. 2-6  as 
3  F 


180°  -  ip, 


tf  = 


(2.7.2-11) 


Having  determined  T  ,  the  time  required  for  the  turn 
is  found  from  Figure  2.7. 2-2  as 


T  =  T  -  T.  , 

turn  1  F  1 


(2.7.2-12) 


After  finding  T  ,  the  cross-track  distance,  d2, 
traveled  by  the  blundered  aircraft  during  its  turn  is  found 
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using  the  geometry  shown  in  Figure  2. 7. 2-3.  This  figure 
illustrates  the  geometry  of  only  the  blundered  aircraft. 

From  Figure  2. 7. 2-3  and  the  equation  for  tangential  velocity 
for  a  constant  turn  rate,  the  radius  of  turn  for  the 
blundered  aircraft  is  determined. 


V, 


r  = 


,(2.7.2-13) 


Also,  the  angle,  ei ,  turned  by  the  blundered  aircraft  during 
its  correction  is  found  as 


0  =  T 

1  V1  turn  1. 


(2.7.2-14) 


Knowing  r  and  0  ,  the  cross-track  distance  traveled  during 
the  turn,  d^,  cai 
equations  below: 


the  turn,  d ,  can  be  determined  from  Figure  2. 7. 2-3  and  ,the 


0  =6-0 
2  1 


(2.7.2-15) 


d2  =  r  cos  02  -  r  cos  6 

Having  found  d2,  the  total  cross-track  distance  traveled  by  the 
blundered  aircraft  during  the  blunder  condition  is  stated  as 

D  -  d  +  d„  +  EDAS, 

TOTAn  12  '  • 


=  sin6  -*•  r(cos02  -  cosp,)  +  EDAS.  (2.7.2-16) 


2.7.2. 3  Results 

The  dual  aircraft  analysis  is  used  to  evaluate  the 
blunder  recovery  airspace  required  for  a  blundered  aircraft  to 
recover  from  the  two  types  of  blunder  conditions.  By  maneuver¬ 
ing  both  the  blundered  aircraft  and  the  aircraft  on  the  adja¬ 
cent  approach  course,  the  blunder  condition  is  considered 
resolved  when  the  headings  of  both  aircraft  are  equal.  The 
equations  derived  in  the  dual  aircraft  analysis  (Equations 
2. 7. 2-3  through  2.7.2-16)  were  used  to  determine  the  lateral 
recovery  airspace  for  all  combinations  of  the  parameter 
values  (excluding  EDAS) ,  and  the  results  are  presented  in 


tabular  form  in  Appendix  K.  Values  for  EDAS  should  be  included 
whs.*  the  position  of  the  DAS  antenna  is  known  for  a  particular 
system,  as  described  in  Section  2. 7. 1.2  (Equations  2. 7. 1-2 
through  2. 7. 1-6).  Also,  as  stated  in  Section  2. 7. 2. 2,  <|»  is  set 
equal  to  -3.0  degrees  per  second,  and  is  assumed  co  be 
equal  to  180  degrees  (or  equal  to  the  assumed  runw=>y  heading)  . 

Appendix  K  contains  the  lateral  recovery  airspace 
required  for  all  parameter  combinations  for  the  dual  aircraft 
analysis.  Table  2.7. 2-2  contains  typical  output  data  from 
the  dual  aircraft  analysis  and  represents  an  overview  of  the 
data  contained  in  Appendix  K.  The  column  headings  for  Table 
2. 7. 2-2  and  Appendix  K  are  explained  as  follows: 

Blundered  Departure  Angle  (deg.)  -  the  angle  at  which  a 
blundered  aircraft  heads  tov/ard  the  adjacent  approach  course 
measured  from  the  extended  runway  centerline. 

Blundered  Velocity  (knots)  -  the  velocity  of  the  blundered 
aircraft. 

Blundered  Bank  Angle  (dey.)  -  the  bank  angle  that  the 
blundered  aircraft  uses  to  make  the  corrective  maneuver. 

Blundered  Summed  Delays  (sec.)  -  a  total  of  all  the  delays 
of  the  blundered  aircraft,  including  DAS  Update  Delay, 
Communication  Time,  and  Piiot/Aircraf t  Reaction  Time. 

Adjacent  Summed  Delays  (sec.)  -  a  total  of  all  the  delays  of 
the  adjacent  aircraft,  including  the  Communication  Time  and 
Pilot/Aircraft  Reaction  Time  measured  after  the  Blundered 
Summed  Delays. 

Corrected  Parallel  Headings  (deg.)  -  the  heading  angle  of  both 
the  blundered  and  adjacent  aircraft  at  the  point  in  time  when 
they  are  flying  parallel  courses  (i.e.,  the  blunder  is  corrected) 
For  this  analysis,  the  approach  heading  was  assumed  to  be  180  . 

Blunder  Correction  Time  (sec.)  -  the  total  time  required  for 
a  blundered  aircraft  to  attain  a  flight  course  parallel  with 
that  of  the  aircraft  on  the  adjacent  course  (total  blunder 
recovery  time  measured  from  the  time  the  blundered  aircraft 
reaches  the  action  point  until  the  blunder  is  corrected) . 

Blunder  Recovery  Airspace  (ft.)  -  the  lateral  recovery  airspace, 
excluding  EDAS,  required  for  a  blundered  aircraft  tc  recover  to 
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a  course  parallel  w  th  that  of  the  adjacent  aircraft.  The 
bi'mder  recovery  airspace  is  measured  from  the  action  point 
perpendicular  to  the  extended  runway  centerline. 

Some  samples  of  the  output  data  are  shown  in 
Table  2. 7. 2-3.  This  table  illustrates  a  reference  blunder 
case  and  shows  the  changes  of  the  blunder  recovery  airspace 
with  respect  to  the  variations  of  each  parameter.  An 
illustration  of  the  reference  case  is  shown  in  Figure  2. 7. 2-4. 
/Iso,  the  best  case  blunder  conditions  and  the  worst  case  * 
blunder  conditions  for  the  dual  aircraft  analysis  for  the 
given  parameter  set  are  shown  in  Table  2. 7. 2-3.  It  should  be 
noted  that  the  blunder  recovery  airspace  does  not  always  vary 
with  a  change  of  the  adjacent  summed  delays.  This  condition 
is  due  to  the  blundered  aircraft',  correcting  its  heading  error 
before  the  adjacent  aircraft  has  time  to  start  a  maneuver. 
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SECTION  3 


STUDY  OUTPUTS 


The  results  necessary  to  solve  the  problem  defined 
in  Section  1.1  are  discussed  in  this  section  and  listed  in  Table 
3-1,  A  detailed  discussion  of  the  d;  lopment  and  generation 
of  each  of  these  results  is  contained  ~n  the  subsections  of 
Section  2  as  noted  in  Table  3-1.  The  section  which  contains  a 
discussion  of  the  output  data  and  the  appendix  which  presents 
the  data  for  each  of  the  study  outputs  are  also  shown  in  Table 
3-1. 

The  measured  distribution  data  which  was  compiled  to 
verify  the  system  models,  to  provide  initial  lateral  error  dis¬ 
tributions  for  the  Fokker-Planck  equation,  and  to  provide  verti¬ 
cal  error  distributions  for  the  probability  of  collision  deter¬ 
mination  is  discussed  in  Section  3.1. 

Approach  system  models  developed  in  Sections  2.1, 
2.4,  and  2.5  are  presented  and  discussed  in  Section  3.2.  The 
models  are  divided  into  two  categories: 


(1)  models  developed  for  use  in  the  ger  x  »t.’ on  of 


lateral  error  probability  density  f  .ons 


for  the  following  approach  system. 


(a) 

(b) 

(c) 

(d) 

(e) 


(2) 


FC-ILS-I-CTOL 
FC-ILS-II-CTOL 
BC-ILS-I-CTOL 
VOR-CTOL 
FC-ILS-I-STOL 

models  developed  to  be  used  as  analysis  tools 
including: 

(a)  Curved  Path  Model 

(b)  Multiple  Aircraft/Runway  Model 

Section  3.3  discusses  the  sensitivity  data  which 

was  generated  to  identify  the  dominant  approach  system  para¬ 
meters  and  errors,  as  well  as  to  aid  in  the  development  of  the 
approach  system  mt^els. 

The  probability  density  function  data  which  was 
generated  for  use  in  the  probability  of  collision  determination 
as  well  as  in  the  normal  operating  zone  determination  is  dis¬ 
cussed  in  Section  3.4.  Also  discussed  in  this  section  is  the 
resulting  normal  operating  zone  data  which  is  ultimately  to  be 
used  in  the  determinate _>n  of  minimum  runway  spacings  as  dis¬ 
cussed  in  Volume  I  of  this  report  (Section  4). 

Section  3.5  discusses  the  probability  of  collision 
data  for  the  various  required  aircraft  and  runway  configurations, 
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approach  types,  and  operations.  The  probability  of  collision 
data  is  utilized  as  a  relative  "safety"  measure  in  the  determi¬ 
nation  of  minimum  runway  spacing. 

The  data  generated  in  the  blunder  analysis,  which  is 
an  investigation  of  the  airspace  required  for  an  aircraft  to 
recover  from  abnormal  operations  or  blunders,  is  discussed  in 
Section  3.6.  The  blunder  analysis  was  performed  for  two  types 
of  blunder  recovery  maneuvers: 

(1)  the  recovery  maneuver  is  performed  by  the 
blundered  aircraft  only,  and 

(2)  the  recovery  maneuver  is  performed  by  both  the 
blundered  aircraft  and  the  aircraft  on  the 
adjacent  approach  path. 

The  blunder  data  is  to  be  utilized  in  the  determination  of  the 
minimum  runway  spacings  as  described  in  Volume  I  (Section  4). 


SECTION  3.1 

MEASURED  DISTRIBUTION  DATA 

Meap  ired  distribution  data,  as  referred  to  in  this 
report,  consists  of  trajectory  data  for  a  finite  sample  of 
aircraft  flying  IFR  approaches.  Data  is  included  for  distribu¬ 
tions  in  three  dimensions  -  lateral,  vertical,  and  longitudinal. 
The  lateral  data  consists  of  distributions  about  the  extended 
runway  centerline;  the  vertical  data  consists  of  distributions 
about  the  glideslope  plane;  and  the  longitudinal  data  consists 
of  distributions  about  a  nominal  longitudinal  location. 

The  measured  distribution  data  was  utilized  in  this 
study  for  three  purposes: 

1.  to  verify  that  the  models,  as  formulated,  are 
good  representations  of  the  actual  systems 
(Sections  2.4  and  2.5), 

2.  to  provide  initial  distributions  for  the  various 
techniques  utilized  to  generate  the  probability 
density  functions  (Section  2.5),  and 

3.  to  provide  vertical  error  distributions  for 
use  in  the  probability  of  collision  determina¬ 
tion  (Section  2.6). 

The  purpose  of  this  section  is  to  present  the  mea¬ 
sured  distribution  data  for  the  systems  listed  in  Table  3.1-1. 
The  methods  and  sources  utilized  in  the  derivation  of  this  data 
are  discussed  in  Section  2.3.  The  distribution  data  for  each  of 
these  systems  is  discussed  in  Section  3.1.1  and  included,  in  its 
entirety,  in  Appendix  E.  Problem  areas  pertinent  to  the  data's 
validity  are  examined  in  Section  3.1.2. 

Table  3.1-1  Required  Measured  Distributions 


Preceding  page  blank 
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3.1.1  DISTRIBUTION  DATA  PRESENTATION 

As  discussed  in  Section  2.3,  the  measured  distribu¬ 
tion  data  used  in  the  Lateral  Separation  project  was  divided 
into  three  classes  depending  upon  the  characteristics  of  the  data. 
The  classes  characterize: 

1.  systems  for  which  field  data  has  been  collected 
and  the  distribution  is  presented  in  a  tabular 
form  of  a  three  dimensional  histogram  and/or 

a  mean  and  standard  deviation  table, 

2.  systems  for  which  field  data  has  been  collected 
and  the  distribution  has  been  assumed  gaussian, 
and 

3.  systems  for  which  no  field  data  has  been  col¬ 
lected. 

These  classes  are  briefly  discussed  in  the  paragraphs  which 
follow. 

Tabular  Distribution  Data 

A  common  form  used  in  presenting  distribution  data 
is  a  tabular  form  of  histogram  data  and/or  mean  and  standard 
deviation  data.  The  systems  in  Table  3.1-1  which  fall  into 
this  class  are  shown  below: 

1.  FC-ILS-I-CTOL  (Lateral) 

2.  FC-ILS-I-CTOL  (Lateral) 

3.  BC-ILS-I-CTOL  (Lateral) 

4-  VOR-CTOL  (Lateral) 

5.  FC-ILS-I-CTOL  (Vertical) 

Data  for  these  systems  are  presented  in  two  forms. 

One  form  is  the  sample  mean  and  standard  deviation  at  each  of 
several  specified  ranges;  the  oth<^r  form  is  a  tabulation  of 
histogram  data  for  the  otr^.rved  data.  An  example  of  the  mean 
and  standard  deviation  data  is  given  in  Table  3. 1.1-1  for  the 
FC-ILS-I-CTOL  (Lateral)  system.  An  example  of  the  tabular 
histogram  data  presentation  is  given  in  Table  3. 1.1-2.  The 
complete  data  set  for  each  of  the  above  systems  is  given  in 
Appendix  E. 

hirtogram  data  is  presented  at  the  same  specific 
ranges  as  the  mean  and  standard  deviation  data.  The  range  to 
touchdown  is  given  in  meters  across  the  top  of  the  page.  The 
lateral  deviation  partitions  are  given  in  multiples  of  the 
part it.i on  interval  along  the  vertical  axis.  The  partition  inter- 
valr  are  five  or  ten  meters  as  noted  in  the  Table.  The  numbers 
in  tre  body  of  the  table  represent  how  many  aircraft  are  ob¬ 
served  in  oartit-'on  at  the  indicated  range. 
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Table  3.1..L-1 

Mean  and  Standard  Deviation  Versus  Range  for 
FC -ILS-I-CTOL  -  Lateral* 


Range , 
me  ter." 

Number 

of  Samoles 

Mean , 
meters  | 

Standard 
Deviation , 
meter? 

600 

513 

-.0161 

11.8943 

1200 

618 

-3.0435 

22.073} 

1  POO 

633 

-5.2973 

26.4976 

2400 

642 

-6.7594 

31. 9233 

3000 

644 

-2.8728 

35 . 8871 

3600 

638 

1.6535 

37.717. 

4200 

622 

8.9878 

43.6031 

4800 

631 

8.3098 

46.9513 

5400 

630 

8.4069 

53.4123 

6000 

631 

6.9212 

61. 903.  • 

6600 

629 

2.9729 

68.519/ 

7500 

513 

14.46 

75.30 

8100 

500 

11.83 

83.99 

nnrxn 
|  o/bo 

490 

7.67 

90.20 

»  JUU 

HbV 

b  .  J/ 

yj.Ou 

9900 

447 

4.83 

97.60 

10500 

423 

12.93 

92.45 

11 J  0G 

387 

16,36 

91.98 

11700 

342 

17.42 

94.11 

12300 

324 

21.30 

100.43 

12900 

307 

26,29 

96.41 

13500 

283 

28.54 

102.12 

14100 

245 

28,99 

103.63 

14700 

224 

33.03 

103.14 

15300 

181 

27.42 

97.75 

15900 

134 

f 

25.53 

113.84 

"•Charleston  data  is  included  in  the  range  interval  from  J.20C 
meters  to  6600  meters,  inclusive,  but  not  elsewhere,  since 
the  data  collection  ranges  were  not  coincident  elsewhere. 


liable  3.1.  1-2  Distribution  of  Lateral  bi  cnlacem;  nts,  for 
FOILS- I-CTOL  -  Lateral** 


i  Partition 


Range,  hundreds  of  meters 


Interval  | 

i 

6* 

12* 

18* 

24 
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36 
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48 

5  4 

60 

66 
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Gaussian  Distributed  Data 

Where  the  processing  of  the  published  data  has 
presumed  gaussian  distributions,  these  assumptions  are  main¬ 
tained.  Specifically/  the  systems  of  Table  3.1-1  for  which 
gaussian  distributions  have  been  assumed  are  the  following: 

,  ,  1.  FC-ILS-I-STOL  (Lateral) 

2.  FC-ILS-I-STOL  (Vertical) 

When  the  data  is  presumed  to  be  distributed  accord¬ 
ing  to  the  gaussian  distribution  laws,  the  entire  distribution 
is  completely  described  by  the  mean  and  variance.  Generally,, 
the  reported  means  of  the  data  have  been  small.  A  representa¬ 
tive  example  of  the  lateral  deviation1  standard  deviation  is 
given  in  Figure  3. 1.1-1  for  a  FC-ILS-I-STOL  (Lateral).  The 
distribution  data  for  both  of  the  above  systems  is  presented 
in  Appendix  E. 

Systems  with  No  Collected  Data 
,  In  the  consideration  of  dependent  parallel  IFR 

operations  for  CTOL  aircraft,  it  was  necessary  to  determine  the 
longitudinal  spacing  distribution  about  a  nominal  longitudinal 
location.  Since  no  measured  data  of  this  type  was  available, 
it  was  necessary'  to  make  certain  assumptions  concerning  the 
data  for  the  FC-ILS-I-CTOL  (longitudinal)  system.  It  was 
assumed  that  the  aircraft  velocity  was  normally  distributed 
about  a  nominal  mean  approach  velocity,  V,  with  a  standard 
deviation,  qv. 

V  =  N(v,ay2) 

The  resulting  longitudinal  distribution  is  shown  to  be  gaussian 
and  is  presented  below. 


X’  =N{X1,cx,2) 


where 


X'  =  X  '-Vt 
o 

V  » 

°x'  "  S2 

X'  ~  longitudinal  location,  feet 

X'  ~  mean  longitudinal  location,  feet 

a  -  longitudinal  location  standard  deviation,  feet 
!  ** 
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Standard  Deviation  Versus 


♦ 


-  initial  longitudinal  location ,  feet 

V  -  aircraft  mean  velocity,  feet/second 

cr^  -  velocity  distribution  standard  deviation,  feet/second 

t  "  time  from  the  point  where  the  aircraft  velocity 
control  is  initiated,  seconds 

3.1.2  MEASURED  DISTRIBUTION  DATA  VALIDITY  OBSERVATIONS 

The  resulting  dat*  set  representing  each  system  in 
Table  3.1-1  must  be  checked  carefully  to  verify  that  the  data 
represents  that  system.  Possible  problem  areas  which  might 
affect  the  validity  of  the  data  are  discussed  in  the  paragraphs 
which  follow. 

Turn-on  Range 

To  be  able  to  combine  data  collected  at  various 
airports  or  to  obtain  meaningful  comparisons  between  various 
approach  systems,  the  collected  data  should  be  taken  from 
sources  having  comparable  turn-on  ranges.  Furthermore,  the 
turn-on  range  for  each  set  of  data  needs  to  be  identified  in 
order  to  exclude  that  data  associated  with  the  "delivery" 
technique  before  turn-on. 

The  turn-on  range  is  governed,  in  part,  by  the 
traffic  rate.  If  the  traffic  rate  is  high,  there  is  a  ten¬ 
dency  to  have  the  aircraft  "in  trail"  at  longer  ranges,  some¬ 
times  as  much  as  20  to  25  miles.  This  gives  the  pilot  con¬ 
siderably  greater  time  to  establish  a  better  track  on  the  ILS 
(or  VOR)  beam  and,  therefore,  a  finer  definition  of  the  re¬ 
quired  wind  correction  angle.  Under  these  circumstances,  the 
distribution  at  the  outer  marker  will  be  much  narrower  than  the 
distribution  for  those  aircraft  that  turn-on  within  one  or  two 
miles  of  the  outer  marker. 

Turn-on  ranges  were  not  available  for  any  of  the 
data  other  than  that  collected  at  Charleston;  however,  the 
turn-on  ranges  can  be  inferred  from  the  relative  number  of 
aircraft  in  the  data  set  as  range  decreases.  Table  3. 1.2-1 
indicates  the  apparent  turn-on  ranges  of  the  various  lateral 
systems. 

Turn-on  Direction  and  Overshoot 

At  some  airports  with  parallel  runways,  the  standard 
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Table  3. 1.2-1 

Summary  of  the  Percent  of  Aircraft  at  Various  Ranges 


Lateral 

Percent  of  A/C  which  Have  Turned- 
On  Prior  to  This  Range 

Apparent 

Turn-on 

Range, 

NMi 

Approach  System 

5.02 

NMi 

| 

IliBi 

7.93 

NMi 

FC-ILS-I-CTOL 

55 

45 

30 

20 

6 

FC-ILS-II-CTOL 

84 

70 

47 

31 

18 

6 

BC-ILS-I-CTOL 

49 

37 

22 

5 

1 

5 

VOR-CTOL 

89 

77 

41 

31 

31 

6 

traffic  patterns  are  prescribed  so  that  the  turn-on  to  the 
final  approach  to  a  right-hand  runway  of  a  pair  of  parallel 
runways  will  normally  require  a  right  turn  (as  viewed  by  the 
pilot) .  Conversely,  the  left  runway  normally  requires  a  left 
turn.  Presently,  procedures  state  that  the  turn-on  to  the  final 
approach  to  each  of  the  parallel  independent  runways  shall  occur 
with  a  minimum  of  1000  feet  vertical  separation  between  the  two 
aircraft.  This  procedure  minimizes  the  effects  of  overshoots 
which  occur  at  turn-on.  However,  if  in  the  future  the  pro¬ 
cedures  are  changed  such  that  the  1000  feet  vertical  separation 
requirement  is  eliminated  or  reduced,  it  will  be  necessary  to 
consider  the  effects  of  overshoots.  For  this  reason,  an  analysis 
was  conducted  on  the  front  course  and  back  course  data  collected 
at  Charleston,  S.  C.,  in  order  to  determine  the  amount  of 
overshoot  at  turn-on  and  the  direction  of  turn-on. 

Overshoot  as  use~d'  in  this  analysis  is  defined  as 
the  distance  that  an  aircraft  travels  beyond  the  extended 
runway  centerline  measured  on  the  opposite  side  from  the  turn-on 
direction. 

Analysis  of  the  front  course  ILS  data  revealed  that 
37  percent  turned-on  from  the  left,  17  percent  turned-on  from 
the  right,  and  the  remainder  had  turned-on  to  the  final  ap¬ 
proach  prior  to  the  range  at  which  the  data  collection  started. 
The  maximum  overshoot  observed  was  919  feet  with  an  average 
overshoot  of  287  feet. 

A  similar  analysis  of  back  course  data  revealed 
that  30  percent  turned  on  from  the  left,  23  percent  turned  on 
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from  the  right,  and  the  remainder  had  turned  on  previously. 

The  average  overshoot  observed  was  408  feet  with  a  maximum  of 
2112  feet*. 

Sample  Size 

When  collecting  data  for  the  purpose  of  determin¬ 
ing  the  error  distribution,  it  is  necessary  to  collect  suffi¬ 
cient  data  to  assure  an  adequate  sample.  When  the  class  of 
distributions  cannot  be  predetermined,  but  must  be  derived,  the 
usual  method  of  determining  an  adequate  sample  size  is  by  the 
method  of  convergence.  In  this  method,  the  data  collection 
activity  is  continued  until  the  mean,  variance,  or  any  other 
required  distribution  parameters  converge  to  a  constant  value 
and  the  parameters  do  not  change  with  the  addition  of  new  data. 

Since  most  of  the  data  was  obtained  in  a  reduced 
form  from  prev_ous  data  collection  efforts,  it  was  not  possible 
to  use  convergence  techniques  to  determine  the  existence  of 
an  adequate  sample  size.  However,  by  comparing  the  trend  of 
the  standard  deviations  of  the  data  at  various  ranges  and  the 
number  of  data  points  available  at  those  ranges,  it  is  possible 
to  make  some  general  observatic  .s  concerning  the  sample  size. 

Table  3. 1.2-2  is  a  summary  of  the  maximum  number  of 
samples  collected  in  the  previous  and  current  collection  efforts 
for  the  various  approach  systems  and  the  number  of  samples 
at  the  turn-on  range.  As  shown  in  the  table,  there  is  a 
large  variation  in  the  number  of  samples  for  the  various  sys¬ 
tems.  A  larger  sample  size  usually  results  in  more  accurate 
distribution  parameters. 

The  tables  in  Appendix  E  for  the  distributions 
listed  in  Table  3.1 .2-2  indicate  the  number  of  samples  upon 
which  each  mean  and  standard  deviation  at  the  discrete  ranges 
along  the  approach  are  based.  Often,  erratic  changes  in  the 
standard  deviation  correspond  directly  to  an  insufficient  sample 
size  or  indicate  a  region  such  as  that  beyond  the  turn-on  range 
where  the  distribution  is  poorly  defined. 

Ground  Proximity 

Operational  problems  at  short  ranges  ’include  an 
acute  awareness  by  the  pilot  of  the  ground  proximity  and  the 
effects  on  the  pilot  at  breakout  into  VFR  conditions. 

Data  such  as  the  FC-ILS-I-CTOL  (Vertical)  data, 
Figure  3. 1.2-1,  must  be  examined  with  these  considerations  in 
mind. 


*This  occurred  at  a  range  of  7.5  NMi . 
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Table  3. 1.2-2  System  Sample  Size 


Maximum 

Sample 

Size 

Sample  Size 
at  Turn-on 

Sample  Size  at 
Minimum  Range 

Lateral 

FC-ILS-I-CTOL 

644 

387 

633 

FC-ILS-II-CTOL 

232 

161 

225 

BC-ILS-I-CTOL 

109 

40 

67 

VOR-CTOL 

88 

78 

44 

FC-II 3-I-STOL 

* 

* 

★ 

Vertical 

FC-ILS-I-CTOL 

519 

363 

508 

FC-ILS-I-STOL 

* 

* 

* 

♦Number  of  samples  on  STOL  data  not  available. 


The  dip  in  standard  deviation  at  the  3700  meter  ranqe  could 
be  attributed  to  a  resDonse  to  visual  clues.  Due  to  these 
vertical  operational  problems,  a  larger  sample  size  is  re¬ 
quired  to  define  the  vertical  error  distributions  at  small  ranges 

Simulated  Versus  Actual  IFR  Conditions 

Some  of  the  data  collected  at  Charleston  [FC-ILS-I- 
CTOL  (Lateral),  BC-ILS-I-CTOL  (Lateral)  and  VOR-CTOL  (Lateral)] 
and  all  of  the  data  collected  at  NAFEC  [FC-IL&-I-STOL  (Lateral), 
FC-ILS-I-STOL  (Vertical),  and  VOR-CTOL  (Lateral)]  were  col¬ 
lected  under  simulated  IFR  conditions.  Although  simulated 
conditions  (blocking  possible  visual  references)  create  the  same 
visual  and  physical  illusions  as  actual  IFR  conditions,  the 
pilot's  attitude  could  be  different  for  the  two  situations.  The 
attitude  differences  could  be  attributed  to  the  fact  that  the 
pilot  knows  that  conversion  to  VFR  can  be  made  at  his  option, 
regardless  of  the  aircrait's  position  on  the  approach,  simply 
by  removing  the  hooding  device.  Under  actual  IFR,  the  break¬ 
out  altitude  is  governed  by  prevailing  weather  and  the  pilot 
must  reach  the  weather  ceiling  before  conversion  to  VFR  can 
occur. 

Asrumed  Distributions 

No  data  has  been  collected  on  the  distribution  of 
aircraft  about  the  nominal  longitudinal  position.  The  distribu¬ 
tion  for  FC-ILS-I-CTOL  (Longitudinal)  was  derived  from  the 
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assumed  distribution  for  velocity  errors.  The  mean  and  standard 
deviation  of  the  velocity  distribution  were  assumed  based  on 
conversations  with  experienced  pilots. 


•3 
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SECTION  3.2 
SYSTEM  MODELS 

As  stated  in  the  problem  definition  (Section  1.1), 
the  first  specific  problem  area  was  the  development  of  system 
models  which  describe  the  required  approach  systems.  The  model 
development  task,  descrioed  in  Section  2.1,  was  broken  into 
two  parts: 

(1)  the  development  of  models  to  be  used  in  the 
generation  of  lateral  deviation  probability 
density  functions,  and 

(2)  the  development  of  models  to  be  sed  as  analysis 
tools  to  study  approach  systems. 

The  models  included  in  (1)  are 

1.  FC-ILS-I-CTOL 

2.  FC-ILS-II-CTOL 

3.  BC-ILS-I-CTOL 

4 .  VOR-CTOL 

5.  FC-ILS-I-STOL 

and  the  models  included  in  (2)  are 

1.  Curved  Path  Model 

2.  Multiple  Aircraft/Runway  Model 

Three  coordinate  systems  are  used  in  the  models. 

These  systems  are  a  runway  system,  a  glideslope  system,  and  an 
aircraft  body  centered  system.  The  tnree  systems  and  their 
relationships  to  one  another  are  shown  in  Figure  3.2-1? 

Due  to  similarities  in  all  of  the  required  models, 
a  nominal  system  model  was  developed  in  Section  2.1.2  from 
which  all  required  expanded  models  were  developr 1  as  discussed 
in  Section  2.1.3.  The  nominal  model  represents  a  composite  set 
of  CTOL  aircraft  approaching  a  CTOL  runway  on  the  front  course 
of  an  ILS  Category  I  approach  system.  Three  versions  of  the 
nominal  model  were  developed  for  use  in  the  various  required 
analyses: 

(1)  Nominal  System  Model  (Figure  3.2-2) 

(2)  Nonlinear  Simulated  Delay  Nominal  Model 
(Figure  3.2-3) 

(3)  Linear  Simulated  Delay  Nominal  Model  (Figure 
3.2-4) 

The  nominal  model  parameter  values  and  initial  state  distribu¬ 
tions  are  contained  in  Tables  3.2-1  and  3.2-2,  respectively. 

Based  upon  the  model  concepts  defined  in  Section 
2.1.1,  it  was  necessary  to  expand  the  nominal  model  to  encompass 

*A11  figures  and  tables  are  included  at  the  end  of  this  section. 
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various  operational  procedures  and  runway  configurations. 

The  fxrst  effort  was  the  expansion  of  the  nominal  model  to 
include  the  approach  systems  discussed  in  Section  2. 1.3.1. 

1.  FC-ILS-I-CTOL 

2.  FC-ILS-II-CTOL 

3.  BC-ILS-I-CTOL 

4 .  VOR-CTOL 

5.  fC-ILS-I-STOL  > 

The  resulting  model  for  each  of  these  approach  systems  is 
given  in  Appendix  G.  The  nominal  model  block  diagrams  (Figures 
3.2-2,  3,  and  4)  are  representative  of  all  of  the  above  models. 
The  above  models  were  developed  for  use  in  the  generation  of 
the  required  lateral  deviation  probability  density  functions. 
Combinations  of  CTOL/STOL  aircraft  approaching  CTOL/STOL 
runways  for  ILS  (front  course  or  back  course )/VOR  guidance 
equipment  operating  under  Category  I/Category  II  conditions 
may  be  simulated.  The  specific  combination  simulated  by  each 
of  the  above  models  corresponds  to  the  above  listed  approach 
systems.  Since  the  development  of  each  of  the  above  models 
was  based  upon  fitting  the  model  to  a  specific  set  of  measured 
distribution  data,  the  model  is  only  as  accurate  as  the  mea¬ 
sured  distribution  data  to  which  it  was  fit. 

In  addition  to  the  above  models,  it  was  necessary 
•to  develop  two  models  to  be  used  as  analysis  tools  to  study 
approach  systems: 

(1)  Curved  Path  Model 

(2)  Multiple  Aircraft/Runway  Model 

Both  of  these  models  were  developed  by  expanding  the  nominal 
model  to  include  the  necessary  op°>*ations  and  runway  configura¬ 
tions  as  discussed  in  Section  2. 1.3. 2.  These  models  may  be 
used  in  the  prediction  of  distribution  data  for  systems  in 
which  no  measured  field  data  exists.  Certain  system  charac¬ 
teristics  which  are  difficult  to  observe  in  the  actual  approach 
system  (such  as  multiple  aircraft  relative  velocities  and 
locations,  aircraft  bank  angle  and  heading  angle,  curved  path 
characteristics,  etc,)  may  be  obtained  from  these  system  models. 

Both  the  curved  path  model  and  the  multiple  aircraft/ 
runway  model  have  been  programmed  in  FORTRAN  IV  computer  pre- 
grams.  The  computer  programs,  including  source  listings, 
flow  charts,  and  operating  instructions,  are  described  in  detail 
in  the  User's  Manual.  The  model  parameter  values  and  initial 
conditions  are  inputs  into  the  programs  and  must  be  determined 
by  the  user  depending  upon  the  specific  approach  system  tc  be 
modeled.  Possible  sources  for  determining  the  model  parameter 
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values  and  .initial  conditions  for  a  particular  approach  system 
to  be  modeled  are  Tables  3.2-1,  3.2-2,  3.2-3,  and  3.2-4. 

The  curved  path  system  model  is  capable  of  simulat¬ 
ing  IFR  operations  for  CTOL  or  STOL  aircraft  operating  on  CTOL 
or  STOL  runways  with  either  an  ±L3  (Category  I  or  Category  II) 
or  a  VOR  guidance  system.  Arrivals  can  be  simulated  on  either 
straight-in  approach  paths  or  throe-dimension  general  curved 
paths.  Departures  and  missed  approaches  may  also  be  simulated, 
but  only  on  straight  paths.  The  curved  path  model  may  be  used 
as  an  analysis  tool  for  studying  curved  approaches,  departures, 
and  missed  approaches. 

The  curved  path  model  consists  basically  of  three 
separate  models  which  are  valid  in  different  regions  of  the 
curved  approach  geometry  as  illustrated  in  Figure  3.2-5.  When 
the  aircraft  is  operating  in  the  base  leg  region  of  the  curved 
approach  path,  then  the  base  leg  model  shown  in  Figure  3.2-6 
is  used.  From  the  time  the  aircraft's  range  tc  the  way  point 
becomes  equal  to  R  until  T  seconds  later,  the  turning 
model  shovm  in  Figuren3.2-7  is  valid.  After  the  aircraft  has 
completed  the  turn,  the  nominal  model  shown  in  Figure  3.2-2 
is  valid. 

The  multiple  aircraft/runway  model  may  be  used  to 
study  the  effects  of  longitudinal  separation  on  lateral  safety 
requirements  for  parallel/non-parallel,  CTOL/STOL,  and  indepen¬ 
dent/dependent  final  approaches  as  well  as  other  analyses.  This 
model  can  simulate,  up  to  four  aircraft  flying  independent  or 
dependent  final  approaches  or  departures  to  or  from  t.ra  parallel 
or  skewed  CTOL  and/or  STOL  runways.  Both  CTOL  and  STOL  type 
aircraft  may  be  simulated  approaching  or  departing  either  of 
the  two  runways . 

The  model  is  illustrated  by  the  block  diagram  in 
Figure  3.2-8  and  the  configuration  shown  in  Figure  3.2-9.  Each 
of  the  four  aircraft  shovm  in  the  figure  is  simulated  by  the 
nominal  model  block  diagram  (Figure  3.2-2).  The  possible 
runway  configurations  which  may  be  simulated  with  thr  multiple 
aircraft/runway  model  are  shown  in  Figures  3.2-10  and  7.2-11. 

To  summarize,  the  system  models  developed  m  the 
model  development  task  include: 

(1)  a  nominal  model  to  aid  in  the  development  of 

the  various  required  models  listed  below, 

(2)  five  approach  system  models: 

1.  FC-IjjS-I-CTOL 

2.  FC-ILS-II-CTOL 

3.  BC- ILS- I -CTOL 

4 .  VOR-CTOL 
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5.  FC-ILS-I-STOL 

for  use  in  the  generation  of  lateral  deviation 
probability  density  functions,  and 
(3)  two  expanded  models: 

1.  Curved  Path  Model 

2.  Multiple  Aircraft/Runway  Model 

for  use  as  analysis  tools  to  study  approach 
systems . 
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gure  3.2-2  Nominal  System  Model 


Figure  3.2-3  Nonlinear,  Simulated  Delay  Nominal  Model 


Figure  3.2-4  Linear,  Simulated  Delay  Nominal  Model 
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Figure  3.2—5  Curved  Model  Regions  of  Validity 
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Possible  Configuration  for 

Multinle  Aircraft/Runway  Nodcl 
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Multiple  Aircraf t/Runv;ay  Model 
Pos-  •'  L Parallel  Runway  Configurations 
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Multiple  Air era ft /Runway  Mode.l 
Possible  Skewed  Runway  Configuration 


TV.-.le  3.2-1  Nominal  Model  fv.  r  a  meter  Values 


Syr.ibol 

Value 

Units 

Reference 

Comments 

aa 

1.0 

sec--1- 

4 

CTOL  aircraft 

a 

Pi 

.04 

— 

2 

Simulated  delay  models 

» 

(Equation  2.1 .2-2) 

a 

P2 

-.35 

- 

2 

Simulated  delay  models 
(Equation  2. 1.2-3) 

a 

P3 

.04 

- 

2 

Simulated  delay  models 
(Equation  2. 1.2-4) 

aP4 

.35 

- 

Simulat'd  delay  models 

(Equation  2. 1.2-5) 

*P5 

.007 

- 

2 

Simulated  delay  models 

(F.quati  on  2 . 1  .  2-1  ) 

a* 

1.5 

sec"-* 

.1 

Ka 

1.0 

sec"2 

- 

Assumed 

kp 

1.0 

- 

- 

Simulated  delay  models 

Kca 

4.8 

- 

- 

Nonlinear  models,  deter 
mined  in  Section  2.4.3 

Ki 

.000075  at 

rad 

- 

Linear  model 

e 

9  N.  Mi  to 

ft 

(Equation  2. 1.2-7) 

.000354  at 
.75  N.  Mi. 

• 

% 

1.33 

sec 

1 

K* 

1.9 

- 

1 

Ye 

1.0 

- 

]. 

L 

9000. 

feet 

- 

FC-ILS  Approach 

Table  3.2-1  Nominal  Model  Parameter  Values  (Continued) 


Symbol 

Value 

Units 

Reference 

Comments 

nr 

+  .00048 

rad 

6,  7 

lo  value,  determined 
in  Sec  t i on  2.1.4 
(ILCR) 

nt 

+  . 0C149  7 

rad 

15 

la  value,  determined 
in  Section  2.1.4 
(ILSt  for  Category  1/ 
Category  II) 

Nr. 

+  .00349 

rad 

- 

lo  value,  determined 
in  Section  2.1.4 

-e- 

Z 

+  ..1047  at 

9  N.  Mi. 

+  .0436  at 

0  N.  Mi. 

rad 

la  value,  determined 
in  Section  2.4.3 
(Varies  linearity 
with  range) 

N* 

+  .01745 

rad 

- 

lo  value,  determined 
in  Section  2.1.4 

V 

236.4 

ft/sec 

- 

Assumed  (140  knots 
for  CTOi.  aircraft) 

Y 

2.5 

deg 

- 

CTOL  runway 

0 

O 

0. 

rad 

Assumed 

TP 

.7 

sec 

- 

Assumed  ; 

! 

4>LIM 

.367 

rad 

- 

Equation  2. 1.2-6 

• 

^LIM 

.1745 

rad/sec 

- 

Assumed  (10  deg/sec) 

♦lim 

.0524 

rad/sec 

- 

Assumed  (3  deg/sec) 

*R 

3.1416 

rad 

- 

Same  v-  r  ir.  y  '■'eaiim  . 
Assured  to  he  It 3°  ::cr 
r.n  3enroa  :!.. 
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T^blo  3.2-3  E\;Mnd'xl  Mod;1!  Parameter  Valuer; 


Item 

Symbol 

Value 

Units 

Comment-  s 

CTOL  Aircraft 

aa 

1 

sec"l 

References  4  and  21 

Ka 

1 

sec“2 

Assumed 

V 

235.4 

ft/sec 

Assumed  (140  knots) 

^LIM 

.367 

rad 

Equation  2. 1.2-6 

^LIM 

.1745 

rad 

Assumed  (10  deg/sec) 

^LIM 

.0524 

rad 

Assumed  (3  deg/sec) 

ST’OL  Aircraft 

aa 

.6 

sec  _1 

References  20  and  21 

K 

a 

1.667 

-2 

sec 

T  '•'sumed 

V 

108.1 

ft/sec 

Assumed  (64  knots) 

*LIM 

.1742 

rad 

Equation  2. 1.2-6 

*LIM 

.1745, 

rad 

Assumed  (10  deg/sec) 

• 

^LIM 

.0524 

rad 

Assumed  (3  dog/sec) 

CTOL  Runway 

y 

2.5 

docj 

Reference  22 

FC-ILS 

L 

9000 

ft 

Assumed 

BC-ILS 

L 

-1000 

ft 

Assumed 

VOR 

L 

4000 

c 

Assumed 

STOL  Runway 

Y 

7.5 

► 

deg 

Reference  23 

FC-ILS 

L 

9000 

ft 

Value  is  consis¬ 
tent  with  the  mea¬ 
sured  field  data 
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?able  3.2-3  Expanded  Model  Parameter  Values  (Continued) 


Item 

Symbol 

Value 

Units 

Comments 

Pilot 

aPl 

.04 

- 

Simulated  delay 
models  (Equation 

2. 1.2-2)  , 

a 

P2 

35 

Simulated  delay 
models  (Equation 
2,1. 2-3) 

a 

P3 

.04 

Simulated  delay 
models  (Equation 

2. 1.2-4) 

i 

c 

J 

.35 

** 

Simulated  delay 
models  (Equation 

2 . 1 . 2-5 ) 

aP5 

.007 

— 

Simulated  delay  ' 
model.';  (Equation 

2. 1.2-1) 

a4> 

1.5 

sec"1 

Rt  f erence  1 

KP 

1.0 

- 

Simulated  delay 
models 

K«. 

Determined  in 
Section  2.5  by 
fitting  measured 
distribution  data 
(Nonlinear  models) 

K=e 

- 

rad 

ft 

Equation  2. 1.2-7 
(Linear  model; 

K0 

1.33 

sec 

Reference  1 

Kv 

1.9 

J _ 

i 

j_ _ 

Reference  1 
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Expanded  Model  Parameter  Values  (Continued) 

Item 

Symbol 

Value 

Units 

— — '■  —  '  l 

,  Comments 

1 

K,  ■ 

^e 

1 

O 

• 

i-4 

- 

Reference  1 

* 

Nc 

t 

. 00349 

rad 

Determined'  in 
Section  2,1.4 
(lo  value) 

1 

* 

4 

N 

♦ 

l  • 

t 

1 

rad 

l 

Determined  in 
Section  2.5  by 
fitting  measured 
distribution  data 
(la  value) 

• 

• 

»* 

+  •  01*74  5 

rad 

( 

Determined  in 
Section  2.1.4 
(lo  value) 

■ 

TP 

n 

*  4 

sec 

Assumed 

Lateral  Guid¬ 
ance  Equipment 
ILS-I 

i 

|  ( 

Nr 

i 

+.00043 

i 

i 

rad 

Determined  in 
Section  2.1.4 
(la  value) 

• 

nt  , 

!! 

j_.001715 

rad 

Determined  in 
Section  2.1.4 
(la  value) 

• 

ILS-I I 

wr 

1 

+  . 0C043 

rad 

Determined  in 
Sectirn  2.1.4 
(lo  value) 

* 

'  * 

nt 

i 

! 

+.001!49 

rad 

Determined  in 
Section  2.1.4  , 

(la  value) 

VOA 

nr 

+.02155 

rad 

Determined  j.n 
Section  2.1.4 
(la  value)  j 

•**»**!p*,**>misrK — >  -•■■'-  —  irhiimi'ir 


Ml  'i  i  ^"T^kgtAalfcSl 


Item 
VO  Rp 


Table  1.2-4  Error  Sununary 

'1  Va  ]  ur  *  1 

|  1«,  (lo<j**  Reference  Rema: 


+  1.235 


i  .25 


+  1.2: 


•i-  2.25 


4  2.3 


6,  7 

.14 

9,  12 


VORt 

+  1.25 

+  1.0 

+  1.5 

ilsr 

+  .0275 

+  .021 

+  .0335 

ilst 

+  .1 

ilst 

+  .0715 

9,  11 


Remarks 

Value  for  models  -  average 
of  values  from  references 
below 

Collins  VOR/ILS  51RV-2B; 

"  '1  <  in*  vnp/r.oc  51 R-7A, -8A 

Collins  VOR/ILS  51RV-1 


General/Industriel  Aviation  J 
Usage:  FAA ,  NECAP  1 9 C 4  program. 

Goner a 1 / 1 ndu  s  t r i a 1  Aviation 
Usage 

FAA,  NECAP  II,  General  Avia¬ 
tion  Usage 


Value  for  models  -  average  of 
values  from  references  below 

Genera] /Industrial  Aviation 
Usage 

General /] ridus  trial  Aviation  : 
Usage  (assumed)  j 

Value  ior  ridels  -  average  of 
values  referenc....;  below 

Collins  51R-7A,-8A  (assumed) 

Collins  51RV-2B 


Category  I  (assumed) 
Category  II  (assumed) 


Table  3.2-4  Error  Summary  (Continued) 


Value* 

,  deo**  Reference 


Remarks 


Value  for  models  -  average 
of  values  from  references 
below 

NAFEC  ASR-2 
NATEC  ASR-5 


l.canj.nq 


Assumed 


Assumed 


Assumed 


More  accurate 
estimates  of 
these  pilot 
errors  are 
made  for  the 
nominal  approach 
system  mode 3  in 
Section  2.4 


'[  ul  P. 
n  Mo, 
N.  ^ 


Assumed 


All  landorc  errors  are  assumed  to  be  white  gaussian  noise 
sources  with  the  mean  equal  to  zero  and  standard  deviation 
equal  to  lu. 

All  angular  errors  are  implemented  in  the  models  in 
radians . 

Units  are  deg/sec;  implemented  in  rad/sec. 
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SECTION  3.3 


SENSITIVITY  DATA 


The  purpose  of  the  sensitivity  analysis  is  to 
identify  the  effects  of  selected  pertinent  model  parameters 
and  model  errors  on  the  lateral  distribution  of  the  approach 
system.  The  sensitivity  analysis  was  performed  by  utilizing 
the  nominal  system  model  defined  in  Section  2.1.2,  with  spe¬ 
cific  initial  conditions,  as  the  reference  condition.  Each 
of  the  pertinent  parameters  and  errors  of  the  nominal  system 
model  was  varied  about  its  nominal  value,  and  the  resulting 
sensitivity  coefficient  of  the  lateral  deviation  or  lateral 
distribution  standard  deviation  was  caiculated^at  various 
points  in  range.  A  sensitivity  coefficient,  S  ,  identifies 
the  amount  that  the  variable,  X,  changes  from  the  reference 
condition  due  to  a  small  change  in  the  parameter,  P. 

The  sensitivity  coefficients  for  each  parameter 
and  error  were  calculated  and  plotted  at  common  points  in 
range.  The  resulting  parameter  and  error  sensitivity  curves 
are  presented  in  Appendix  F. 

The  parameter  sensitivity  curves  illustrate  the 
sensitivity  of  the  lateral  deviation  to  each  of  the  pertinent 
parameters  (Table  3.3-1)  as  a  function  of  range  and  time. 

The  reference  condition  is  defined  by  the  nominal  model  with  all 
initial  conditions  equal  to  zero  except  as  follows: 


Y  =  500  ft. 
o 


X  =  13.53  NMi . 
o 


i p  =  3.14159  rad.  (runway  azimuth  arbitrarily  chosen  to 
be  equal  to  180°) 

A  typical  example  from  the  parameter  sensitivi  curves  of 
Appendix  F  is  shown  in  Figure  3.3-1.  This  exai.^le  illustrates 
the  sensitivity  of  the  lateral  deviation  to  the  pilot  gain  on 
heading  angle  error,  ,  as  a  function  of  range  and  time, 

e 

about  the  given  reference  condition.  A  small  change  in  K 

ve 

from  its  reference  value  causes  the  lateral  deviation  response 
to  vary  from  the  reference  response  as  shown  in  Figure  3.3-1. 
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Table  3.3-1  Sensitivity  Analysis  Parameters 


Symbol 

Reference 

Value 

Units 

Description 

V 

236.4444 

ft/sec 

!  Aircraft  airspeed 

*  *  .J  *  ’  • 

be 

a 

*  •  >J 

ml/  j*:k1 

Pilot  I- racking  gain  on 
the  angular  localizer 
error 

K*c 

1.0 

rad/rad 

Pilot  gain  on  heading 
angle  error 

S 

1.9 

rad/rad 

Pilot  gain  on  heading 
angle  feedback 

K<j> 

1.333 

sec 

Pilot  gain  on  the 
bank  angle  divided  by  a^ 

Ka 

1.0 

1/sec^ 

Aircraft  bank  rate  to 
aileron  response  gain 
multiplied  by  aa 

aa 

1.0 

1/sec 

Inverse  of  the  aircra"' 
bank  rate  to  ai leron 
response  time  constant 

a* 

1.5 

1/sec 

Inverse  the  pilot 

lead  time  constant  on 
bank  angle  feedback 

TP 

0.7 

sec 

Pilot/control  delay 

L 

9000.0 

ft 

-X  coordinate  of  the 
lateral  guidance  trans¬ 
mitting  antenna 
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Lateral  Deviation  Sensit'.^ty  Coefficients  with  Rf-.spect  to 
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For  illustration,  consider  a  small  positive  change  in  the  gain, 
and  note  that  Figure  3.3-1  shows  that  the  lateral  deviation 
response  will  be  less  than  the  reference  response  for  ranges 
greater  than  7.32  nautical  miles  and  greater  than  the  reference 
response  for  ranges  less  than  this  range. 

The  error  sensitivity  curves  illustrate  the  sensi¬ 
tivity  of  the  lateral  distribution  standard  deviation  to  the 
standard  deviation  changes  to  each  of  the  pertinent  system 
errors  (Table  3.3-2)  as  a  function  of  range  and  time.  The 
reference  condition  is  defined  by  the  nominal  model  with  the 
initial  state  distributions  given  in  Table  2.4. 3-1.  A  typical 
example  from  the  error  sensitivity  curves  in  Appendix  F  is 
shown  in  Figure  3.3-2.  This  example  illustrates  the  sensitivi. ■ 
of  the  lateral  deviation  distribution  (standard  deviation,  o  ) 
to  the  initial  heading  angle  distribution  (standard  deviation, 


4> 


)  about  the  given  reference  condition. 

’  from  its  reference  value  causes  che  o 


Y' 


A  small  change  in 
response  to  vary 


from  the  referc-!  ce  response  as  shown  in  Figure  3.3-2.  For 
illustration  pui  - .  es ,  consider  a  small  positive  change  in  o 

vc 

Note  that  the  c  ,  „ ssponse  will  be  greater  than  the  reference 
response,  and  this  variation  decreases  with  range. 


3-44 


Table  J.3-2 

Sensitivity  Analysis  Errors 

Symbo  1 

P.rfironee 
Value  (Had.) 

Description 

\ 

.  0 1 7  <  0 

Pilot  heading  angle  error  distribu¬ 
tion  standard  deviation 

\ 

.I"-'. 7  *•  9NMi 
.()■'*:, r,  o  ONMi 

Pilot  bank  angle  error  distribution 
standard  deviation 

°ilsr 

.00048 

ILS  equipment  receiver  error  dis¬ 
tribution  standard  deviation 

°ilst 

.001497 

ILS  equipment  transmitter  error 
distribution  standard  deviation 

°N 

e 

.00349 

Pilot  localizer  tracking  error 
(final  leg)  distribution  standard 
deviation 

V 

o 

.02 

- 

Initial  condition  on  heading  state 
.’.l-tributicn  stand'  rd  deviation 

_ 

Figure  3.3-2  Lateral  Distribution  Sensitivity  Coefficients  o  (  with  Respect  to 


SECTION  3.4 


PROBABILITY  DENSITY  FUNCTION  DATA 

The  importance  of  the  error  PDF's  in  the  lateral, 
vertical,  and  longitudinal  dimensions  is  indicated  by  the  fact 
that  two  of  the  three  data  sets  required  for  minimum  runway 
spacing  determination,  probability  of  collision  data  and  NOZ 
data,  are  based  on  the  PDF's.  The  generation  of  probability 
of  collision  data  is  based  on  the  error  statistics  or  pro¬ 
bability  density  functions  for  each  of  the  three  dimensions. 

The  NOZ  data  requires  specific  knowledge  of  only  the  lateral 
PDF.  Therefore,  the  generation  of  these  PDF's,  especially 
the  later. I  PDF's,  requires  accurate  descriptions  of  both  the 
body  of  the  distribution  as  well  as  the  tails  of  the  distriDU- 
tion. 

Using  the.  techniques  described  in  Section  2.5, 
the  PDF's  are  generated  for  each  of  the  approach  systems  listed 
in  Table  3.4-1.  For  each  system,  the  PDF  type  and  method  of 
determination  are  indicated.  The  PDF  data  is  discussed  in 
Section  3.4.1  and  presented  in  Appendix  H.  Also,  for  each  of 
the  lateral  approach  systems,  a  NOZ  is  calculated  as  described 
in  Sectioi.  2. 5. 3.1,  and  for  CTOL/STOL  skewed  operations,  a 
NOZ  is  determined  as  described  in  Section  2.5. 3.2.  The  NOZ 
data  is  discussed  in  Section  3.4.2  and  presented  in  Appendix  H. 

3.4.1  ERROR  DISTRIBUTION  DATA 

The  resultant  error  distributions  for  each  of  the 
dimensions  are  determined  using  either  the  Fokker-Planck 
equation,  the  measured  error  data  directly,  or  by  using  cer¬ 
tain  assumptions  as  to  the  physics  of  the  problem.  Due  to  the 
importance  of  the  lateral  dimension  to  the  probability  of 
collision  calculations  and  NOZ  calculations,  the  Fokker-Planck 
equation  is  used  to  develop  the  range-ordered  set  of  lateral 
PDF's.  The  vertical  PDF's  are  based  on  a  gaussian  fit  to  the 
range-ordered  vertical  measured  distribution  data.  The 
longitudinal  PDF's  required  to  calculate  the  probability  of 
collision  for  the  dependent  CTOL/CTOL  case  are  determined  by 
using  an  assumed  gaussiar  distributed  velocity  error. 

Lateral  PDF's 

The  lateral  PDF's  are  generated  using  the  verified 
approach  system  models  and  the  Fokker-Planck  equation  as  dis¬ 
cussed  in  Section  2.5.  The  corresponding  models  utilized  fur 
each  of  the  lateral  systems  listed  in  Table  3. 4. 1-1  are 
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included  in  Appendix  G.  The  Fokker- Planck,  equation  for  each 
of  the  first  four  cases  is  initialized  using  the  modified 
Bergerhout  distribution  fit  to  the  measured  distribution 
data  at  the  range  indicated  in  Table  3. 4. 1-1.  The  modified 
Bergerhout  distribution  is  used  to  initialize  the  CTQL  lateral 
cases  in  an  effort  to  better  describe  the  measured  distribur- 
tion  data,  which  had  a  large  number  of  data  points  in  the 
tails  of  the  distribution.  The  initial  distribution  used  for 
the  STOL  case  is  the  gaussian  distribution  (Reference  1).  The 
resultant  PDF's  for  all  five  cases  are  determined  quite  ac¬ 
curately  at  23.6  feet;  increments  in  range  using  the  Fokker- 
Planck  equation.  This  accuracy  is  due  to  the  fact  that  the 
Fokker-Planck  equation  utilizes  the  dynamics  of  the  system 
to  generate  the  resulting  PDF's.  The,  PDF's  for  all  five 
cases  at  selected  ranges  are  presented  in  Appendix  H. 
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Lateral  PDF's 


Lateral  Approach  System 

PDF  Initial 
Range,  NMi . 

i 

FC-ILS-I-CTOL 

6 

FC-ILS-II-CTOL 

6, 

BC-ILS-I-CTOL 

5  • 

VOR-CTOL 

6 

FC-ILS-I-STOL 

2 

Vertical  PDF's 

The  vertical  PDF's  are  determined  using  the 
FC-ILS-I-CTOL  and  STOL  meast,  -  d  distribution  for  the  corres¬ 
ponding  cases.  The  STOL  gaussian  vertical  data  is  selected 
based  ,on  the  study  results  in  Reference  1.  The  gaussian 
distribution  fit  to  the  CTOL  measured  data  is  selected  due 
to  two  reasons.  First,  there  is  insufficient  data  to  ac¬ 
curately  model  the  truncation  of  the  lower  end  of  the  tails 
of  the  CTOL  vertical  distribution  at  ranges* close  to  the 
runway.  Second,  the  CTOL  vertical  distribution  data  is  Required 
only  to  calculate  the  CTOL/STOL  probability  of  collision  data. 
Thus,  the  upper  half  of  the  CTOL  vertical  distribution  is 
the  portion  of  the  PDF  which  is  important  and  data  in  this 
region  tends  to  support  a  gaussian  fit.  .The  CTOL  and  STOL 
vertical  PDF  data  is  required  at  the  following  five  ranges: 


2  urn,  1.5  nmi,  1.25  runi,  1  nmi,  and  .75  nmi.  The  gaussian 
distributions  corresponding  to  selected  ranges  for  both  the  STOL 
and  the  CTOL  cases  are  included  in  Appendix  H. 

Longitudinal  PDF's 

The  longitudinal  PDF  is  essential  to  the  determina¬ 
tion  of  the  probability  of  collision  data  for  the  dependent 
CTOL/CTOL  case.  Since  there  is  no  measured  data  available  for 
the.  longitudinal  errors  on  the  final  approach,  an  assumption 
concerning  this  distribution  is  made  as  discussed  in  Section 
2.5.  The  longitudinal  PDF  was  derived  based  upon  the  velocity 
error  distribution  which  was  assumed  normally  distributed 
with  a  mean  equal  to  the  approach  speed  and  a  standard  devia¬ 
tion  of  5  knots.  The  resulting  longitudinal  PDF's  at  selected 
ranges  are  included  in  Appendix  H. 

3.4.2  NQZ  DATA 

Besides  being  used  in  the  probability  of  collision 
data  generation,  the  PDF's  for  the  lateral  dimension  were  used 
to  calculate  the  NOZ's.  The  only  exception  to  this  is  the 
CTOL/ STOL  skewed  runway  NOZ  in  which  the  analytical  approach 
discussed  in  Section  2.5.3  was  used.  The  NOZ  is  defined  as 
being  that  zone  which  includes  either  68%  or  95%  of  the  opera¬ 
tions.  The  NOZ  is  symmetric  about  the  extended  runway  center- 
line  since  the  means  of  the  lateral  error  PDF's  are  assumed 
to  be  zero.  The  selection  of  the  68%  or  95%  NOZ  is  based  on 

the  traffic  rate  and  controller  communication  workload.  The  NOZ 
data  discussion  is  subdivided  into  two  parts.  The  first 
section  deals  with  NOZ's  for  approach  systems  in  general,  and 
the  second  section  discusses  the  CTOL/STOL  skewed,  runway  case. 

NQZ  Data  for  Approach  Systems 

The  68%  and  95%  NOZ's  are  determined  from  a  direct 
integration  of  the  lateral  PDF's  for  each  of  the  five  cases 
listed  in  Table  3.4-1.  The  NOZ  is  divided  into  three  regions: 
approach,  runway,  and  departure.  The  approach  region  begins 
at  the  turn-on  range  and  ends  at  either  5000  feet  or  1500 
feet  from  touchdown  for  CTOL  and  STOL  aircraft,  respectively. 
This  range  corresponds  to  the  minimum  range  at  which  the  air¬ 
craft  should  be  VFR.  The  second  region  is  the  region  over  the 
runway  itself  which  consists  of  two  parallel  lines  spaced 
according  to  the  value  of  the  NOZ  of  the  VFR  range.  The 
d'  parture  region  is  a  mirror  image  of  the  approach  region.  The 
three  regions  are  pictured  in  Figure  3. 4. 2-1.  The  locus  of 
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Approach  Region 


Departure  Region 


- 63%  NOZ 

- _  -  95%  N0Z 

Figure  3. 4. 2-1  NOZ  Regions 
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NOZ  points  is  plotted  in  Appendix  H  for  each  of  the  five 

systems. 

NOZ  Data  for  CTOL/STOL  Skewed  Runways 

Due  to  the  lack  of  measured  distribution  data  for 
STOL  aircraft  on  curved  departures,  the  mothod  of  NOZ  determina 
tion  for  this  case  is  different  from  the  previous  case.  The 
68%  and  95%  NOZ's  for  the  STOL  system  in  the  CTOL/STOL 
configuration  were  determined  using  the  techniques  described 
in  Section  2. 5. 3. 2.  The  NOZ  foi  runway  spacing  io  required 
only  at  the  point  of  minimum  spacing  between  the  CTOL  runway 
and  the  STOL  departure  path.  The  68%  and  95%  NOZ’s  for  skew 
angles  from  cen  to  ninety  degrees  in  ten  degree  increments  at 
the  CTOL  runway  -  STOL  departure  path  minimum  spacing  point 
are  tabulated  in  Appendix  H. 
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SECTION  3.5 

PROBABILITY  OF  COLLISION  DATA 

Probability  of  collision  results  obtained  in  the 
Lateral  Separation  Study  are  discussed  in  this  section  and 
presented  in  tabular  form  in  Appendix  I.  These  results  re¬ 
present  a  primary  output  of  the  Lateral  Separation  Study, 
and  constitute  a  portion  of  the  information  necessary  to  deter¬ 
mine  a  minimum  allowable  spacing  between  parallel  runways  for 
aircraft  operating  under  IFR  conditions.  All  cases  categorized 
under  CTOL/CTOL,  CTOL/STOL,  and  STOL/STOL  for  which  probability 
of  collision  data  was  generated  are  shown  in  Figure  3.5-1? 

The  objective  of  this  analysis  is  to  provide  a 
relative  measure  of  safety  for  minimum  runway  spacing  considera¬ 
tions;  the  objective  is  not  to  provide  an  absolute  measure  of 
probability  of  collision.  For  this  reason,  worst  case  conditions 
are  employed  in  all  probability  of  collision  calculations.  The 
definition  of  the  worst  case  condition  for  each  specific  sys¬ 
tem  considered  is  dependent  upon  which  dimensions  are  the  pri¬ 
mary  dimensions  of  interest.  In  each  case,  the  primary  dimen¬ 
sions  of  interest  are  the  only  dimensions  in  which  statistics 
a*""*  used;  in  the  other  dimensions,  the  absolute  worst  condi- 
t  >n  is  assumed  as  4 3 1 ustrated  in  Table  3.5-1. 

For  the  above  reasons,  the  probability  of  colli¬ 
sion  data  discussed  in  this  section  should  be  utilized  as  a 
"relative"  measure  of  safety  as  opposed  to  an  "absolute" 
measure . 

Probability  of  collision  data  for  CTOL/CTOL  inde¬ 
pendent,  CTOL/CTOL  dependent,  CTOL/STOL,  and  STOL/STOL  are  not 
directly  comparable;  e.g.,  data  obtained  for  CTOL/CTOL  inde¬ 
pendent  operations  should  not  be  compared  with  data  obtained  for 
CTOL/STOL  independent  operations.  The  reason  the  different 
cases  cited  cannot  be  compared  in  terms  of  the  probability  of 
collision  data  generated  for  each  case  is  that  some  cases 
employ  statistics  in  only  one  dimension;  whereas,  other  cases 
employ  statistics  in  two  dimensions.  Specific  dimensions  in 
which  statistics  were  utilized  for  eac.-.  case  is  shown  in  Table 
3.5-1.  The  type  of  distribution  used  for  a  specific  dimension 
in  each  case  is  also  shown.  Cases  in  Table  3.5-1  which  employ 
statistics  in  two  dimensions  produce  probability  of  collision 
data  smaller  in  magnitude  than  data  generated  for  one  dimen¬ 
sional  cases-. 

*A11  figures  and  tables  are  included  at  the  end  of  this  section. 
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CTOL/CTOL  probability  of  collision  dc.ca  are  con¬ 
tained  in  Appendix  I,  Tables  1-2  through  1-8,  Probability  of 
collision  data  for  CTOL/STOL  and  STOL/STOL  approaches  are 
contained  in  Tables  1-9  and  10  and  Table  1-11,  respectively. 

A  table  guide  to  all  cases  which  are  categorized  under  CTOL/ 
CTOL,  CTOL/STOL,  and  STOL/STOL  approaches  is  also  furnished  in 
Appendix  I.  A  discussion  of  the  data  along  with  examples 
illustrating  how  to  use  the  tables  and  interpret  the  data  is 
given  in  the  following  sections. 


3.5.1  CTOL/CTOL  PROBABILITY  OF  COLLISION  DATA 

Probability  of  collision  data  for  the  CTOL/CTOL 
aircraft  and  runway  configuration  was  generated  for  both 
independent  and  dependent  operations  where  independent  and 
dependent  operations  are  defined  as  in  Section  2.6.  For  the 
purpose  of  clarity,  discussions  of  the  data  generated  for  these 
two  types  of  operations  are  presented  separately. 


CTOL/CTOL  Independent  Operations 

Tables  1-2  through  1-4  in  Appendix  I  contain  pro¬ 
bability  of  collision  data  for  all  CTOL/CTOL  independent 
operations  considered.  The  type  of  approach,  type  of  operation, 
and  the  type  of  aircraft  and  runway  configuration  are  specified 
in  the  captions  of  the  respective  tables. 

As  indicated  in  Figure  3. 5.1-1,  probabilities  of 
collision  contained  in  each  of  these  three  tables  are  calcula¬ 
ted  at  the  turn-on  range  and  at  four  and  two  miles  from  the 
runway  threshold  for  a  fixed  lateral  spacing  between  runways. 

The  data  were  generated  at  the  above  ranges  for  lateral  spacings 
of  1500,  3000,  2500,  3000,  3500,  4300,  and  5000  feet  between 
runways . 

Data  contained  in  Tables  1-2,  1-3,  and  1-4  are  for 
FC/FC,  FC/VOR,  and  FC/BC  approach  systems,  respectively. 

CTOL/CTOL  Dependent  Operations 

Probability  of  collision  data  generated  for  CTOL/ 
CTOL  dependent  operations  is  contained  in  Tables  1-5  through 
1-8  of  Appendix  I.  The  only  approach  system  considered  for 
dependent  operations  was  FC/FC.  Each  of  the  tables  corresponds 
to  a  different  longitudinal  spacing  between  approaching  air¬ 
craft;  i.e.,  Tables  1-5,  1-6,  1-7,  and  1-8  were  generated 
assuming  longitudinal  spacings  of  three,  two,  one,  and  one- 
fourth  miles,  respectively.  Figure  3.5. 1-2  illustrates  the 
ranges  of  the  leading  aircraft  from  the  runway  threshold  for 
which  probability  of  collision  was  calculated  for  each  of  the 
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longitudinal  spacings  above.  For  a  given  longitudinal  spacing 
and  the  abc  •.;  range  values,  the  probability  of  collision  was 
calculated  .r  lateral  spacings  of  1500,  2000,  2500,  3000, 

3500,  4300,  and  5000  feet. 

1.5.2  CTAT,/ST0L  INDEPENDENT  OPERATIONS 

,  Tables  1-9  and  1-10  contain  probability  of  colli¬ 

sion  data  generated  foi  CTOL/STOL  approaches.  The  primary 
difference  between  data  in  the  two  tables  is  that  data  in 
,  Tabic  1-9  is  based  on  '-.he  runway  configuration  depicted  in 

*  Figure  ”  d.’-la,  and  daca  contained  in  Table  1-10  is  based  on 

the  rur»*iflu  •  nfigur<t.ion  in  Figure  3.5.2-lb. 

As  indicated  in  Table  1-9,  probability  of  collision 
;  data  w  calculated  at  ranges  from  the  threshold  of  12,200, 

9,200,  and  4,700  feet  for  a  fixed  lateral  spacing.  Probability 
collision  data  in  Table  I-lO  was  calculated  at  ranges  from  the. 
Cl  runway  touchdown  point  of  7,700,  6,200,  and  4,700  feet 
for  a  fixed  lateral  spacing.  Probability  of  collision  data  in 
each  ox  these  tables  was  generated  at  each  of  the  specified 
ranges  for  lateral  separations  of  1500,  2000,  2500,  3000, 

3500,  4300,  and  5000  feet. 

3.5.3  STOL/STOL  INDEPENDENT  OPERATIONS 

Table  1-11  in  Appendix  I  contains  probability  of 
collision  data  generated  for  STOL/HTOL  -  FC/FC  -  independent 
operations.  Data  was  generated  at  ranges  of  12,000,  7,000,  and 
1,000  feet  from  the  touchdown  point  for  lateral  spacings 
between  runways  of  1500,  2000,  2500,  3000,  3500,  "'00,  and  5000 
feet. 
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SECTION  3.6 


BLUNDER  DATA 

The  blunder  analysis  is  an  investigation  of  tfye 
airspace  required  for  an  aircraft  to  recover  from  abnormal 
operations  or  blunders.  This  airspace  is  identified  as  the 
total  lateral  extension  of  the  normal  operating  zone  (NOZ) 
required  to  bring  a  blundered  aircraft  to  a  course  parallel/ 
with  either  the  runway  centerline  or  parallel  to  the  course 
of  the  aircraft  in  the  adjacent  parallel  approach  path.  A 
thorough  description  of  the  blunder  analysis  is  presented  in 
Section  2.7. 

There  are  two  basic  types  of  blunder  situations  that 
were  considered  in  the  evaluation  of  the  runway  separation 
requirements.  Type  1  blunders  occur  when  an  aircraft  that 
is  on  a  track  which  intercepts  the  approach  course  at  10°, 

20° ,  and  30° ,  passes  through  the  normal  operating , zone ,  and 
proceeds  toward  the  adjacent  track.  Type  2  blunders  occur 
when  an  aircraft  which  is  established  on  the  final  approach 
course  within  the  NGZ  makes  a  turn  toward  the. adjacent  course 
at  15°,  30%  and  45°. 

The  blunder  analysis  was  divided  into  two  areas 
which  analyze  recovery  operations  for  single  aircraft  recovery 
maneuvers  and  recovery  operations  for  dual  aircraft  maneuvers. 
Since  the  blunder  analyses  are  not  dependent  upon  the  "cause" 
of  the  blunder,  type  1  and  type  2  blunders  are  analyzed  identi¬ 
cally. 

The  blunder  recovery  airspace  required  for  a  single 
aircraft  recovery  maneuver  for  either  of  the  two  types  of 
blunder  situations  was  evaluated  by  considering  the  geometry 
of  the  situation  as  shown  in  Figure  3.6-1. 

The  parameters  U3ed  in  the  single  aircraft  analysis 
are  those  specified  in  Table  3.6-1.  The  blunder  recovery 
area,  for  all  possible  combinations  of  these  parameter  values, 
can  be  obtained  from  the  results  of  the  analysis.  The  blunder 
data,  excluding  the  DAS  error,  for  the  single  aircraft  analysis 
is  presented  in  tabular  form  in  Appendix  J .  Typical  output 
data  from  the  single  aircraft  analysis  is  contained  in  Table 
3.6-2,  where  the  column  headings  are  explained  as  follows: 

Departure  Angle  (deg.)  -  the  angle  at  which  a  blundered  aircraft 
heads  toward  the  adjacent  approach  course  measured  from  the 
extended  runway  centerline. 
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Single  Aircraft  Geometric  Analysis  of  the  Two  Types  of  Blunders 
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Table  3.6-1  Blundered 

Aircraft  Parameter 

Values 

Parameters 

Values 

Units 

Departure  Angles 

Typo  1 

10,  20.  and  30 

degrees 

Type  2 

15,  30,  and  45 

degrees 

DAS  Range  Accuracy  { e  ) 

n 

1.5,  1.0,  .5, 
and  .  2 

percentages 
of  range 

DAS  Azimuth  Accuracy  (e  ) 

A 

1.5,  1.0,  and  . 5 

degrees 

DAS  Update  Delays 

4 ,  2,  1,  .5,  .1, 
and  .01 

seconds 

Aircraft  Velocities 

60,  80,  100,  120, 
140,  and  160 

knots 

Aircraft  Bank  Angles 

10,  20,  30,  and  40 

degrees 

Pilot/Aircraft  Reaction  Times 

1.5,  5,  and  8 

seconds 

Communication  Times 

1  to  10 

seconds 
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Velocity  (knots)  -  the  velocity  of  the  blundered  aircraft. 


Bank  Angle  (deg.)  -  the  bank  angle  that  the  blundered  aircraft 
uses  to  make  the  corrective  maneuver. 

Summed  Delays  (sec.)  -  a  total  of  all  the  delays  of  the  blundered 
aircraft,  including  DAS  Update  Delay,  Communication  Time,  and 
Pilot/Aircraft  Reaction  Time. 

Blunder  Recovery  Airspace  (ft.)  -  the  lateral  recovery  airspace 
excluding  EDAS,  required  for  a  blundered  aircraft  to  recover 
from  the  type  i  and  type  2  blunders,  measured  from  the  action 
poinw  and  perpendicular  to  the  extended  runway  centerline. 

To  utilize  the  single  aircraft  analysis  data  con¬ 
tained  in  Appendix  J,  the  desired  set  of  parameter  values  to 
be  studied  must  first  be  selected  from  Table  3.6-1.  For  the 
purpose  of  illustration,  assume  values  for  the  parameters  as 
follows : 

Departure  Angle 
DAS  Range  Accuracy  (e  ) 

DAS  Azimuth  Accuracy  (c^) 

Das  Update  Delay 
Aircraft  Velocity 
Aircraft  Bank  Angle 
Pilot/Aircraft  Reaction  Time 
Communication  Time 

First,  find  the  departure  angle  (30  degrees)  in  the  blunder 
data  table  (Table  3.6-2).  The  aircraft  velocity  (100  knots) 
and  the  aircraft  bank  angle  (30  degrees)  can  now  be  found  in 
the  appropriate  columns.  Sum  the  DAS  update  delay  (1  second), 
the  pilot/aircraft  reaction  time  (5  seconds),  and  the  communi¬ 
cation  time  (4  seconds)  to  yield  the  summed  delay  (10  seconds). 
The  desired  Blunder  Recovery  Airspace  (1,049.15  feet),  ex¬ 
cluding  DAS  error,  can  be  found  by  linear  interpolation 
between  the  two  recovery  airspaces,  (964.80  feet  and  1,555,54 
feet)  for  the  appropriate  two  closest  summed  delay  values 
(9  seconds  and  16  seconds). 

It  should  be  noted  that  th  Blunder  Recovery 
Airspace  of  Appendix  J  does  not  include  the  Data  Acquisition 
System  error  (EDAS) .  The  value  of  EDAS  may  be  calculated  using 
the  desired  values  of  eR'.5  percent  of  range)  and  (1  degree) 
and  the  procedure  discussed  below. 
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-  30  degrees 

-  .5  percent  of  range 

-  1.0  degrees 

-  1  second 

-  100  knots 

-  30  degrees 

-  5  seconds 

-  4  seconds 
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In  order  to  determine  the  EDAS,  it  is  necessary  to 
know  the  location  of  the  DAS  antenna  as  well  as  the  blundered 
aircraft.  These  locations  are  specified  as  follows: 

X  -  Aircraft  ground  range  to  touchdown,  ft. 

A/  v 

Y  ,  -  Aircraft  lateral  location  from  the  runway 

A/C 

centerline,  ft. 


-  Aircraft  altitude,  ft. 


X  -  DAS  antenna  ground  range  from  touchdown,  ft. 

DAS 

YDAS  ”  DAS  antenna  laterai  location  from  the  runway 
centerline,  ft. 

ZDAS  ”  DAS  antenna  altitude,  ft. 

Figure  3.6-2  illustrates  a  possible  DAS  location  configura¬ 
tion.  Determination  of  the  lateral  component  of  the  EDAS  due 
to  range  error  and  azimuth  error  is  illustrated  in  Figure  3.6-2 
and  shown  below. 


EDAS  =  E  cosp  +  E  sinp 

A  K 


where 


-  R  tan  e. 


S  r 


f(XDAS  •  Vc'  +  (ydas 


Vc)  +  (ZDAS  ZA/C) 


Y  -  Y 
-1  DAS  A/C 

»  y — n? — 
DAS  AA/C 


follows : 


Assuming  values  of  the  EDAS  location  parameters  as 


7*^:7 


=  6,000  ft. 
=  -1,500  ft. 
=  300  ft. 
=  500  ft. 
»  -2,500  ft. 
=  0  ft. 


EDAS  is  calculated  to  be  101.17  feet.  The  value  of  EDAS 
(101.17  feet)  is  added  to  the  blunder  recovery  airspace  (1,049.15 
feet)  to  find  the  total  airspace  required  (1,150.32  feet) 
for  an  aircraft  to  recover  from  the  defined  blunder  condition. 

The  dual  aircraft  analysis  was  used  to  evaluate  the 
blunder  recovery  airspace  required  for  a  blundered  aircraft  to 
recover  from  the  type  1  and  type  2  blunders,  assuming  that  the 
blundered  aircraft  failed  to  respond  to  the  controller's  warn¬ 
ings.  The  failure  to  respond  makes  it  necessary  for  the  con¬ 
troller  to  command  an  avoidance  maneuver  for  the  adjacent  air¬ 
craft  approaching  the  adjacent  runway.  The  recovery  of  the 
blundered  aircraft  was  considered  complete  when  the  heading  of 
the  blundered  aircraft  was  the  same  as  the  heading  of  the  air¬ 
craft  on  the  adjacent  approach  course,  meaning  that  both  air¬ 
craft  were  flying  paral'el  courses  at  that  instant. 

The  geometry  of  the  situation,  as  shown  in  Figure 
3,6-3,  was  used  to  evaluate  the  required  blunder  recovery 
airspace  for  a  blundered  aircraft  to  recover  to  a  course 
parallel  with  that  of  the  adjacent  aircraft:  The  parameter 
combinations  used  in  the  dual  aircraft  analysis  for  the  blundered 
aircraft  are  those  specified  in  Table  3.6-1.  The  parameter 
values  used  for  the  adjacent  aircraft  are  1,  4,  7,  and  10 
seconds  for  the  Adjacent  Summed  Delays,  and  3  degrees  per  second 
for  the  corrective  maneuver  turn  rate.  The  blunder  recovery 
area  for  all  possible  combinations  of  these  parameter  values  can 
be  obtained  from  the  results  of  the  analysis. 

The  blunder  data,  excluding  the  DAS  error,  for  the 
dual  aircraft  analysis  is  presented  in  tabular  form  in  Appendix 
K,  and  typical  output  data  from  the  dual  aircraft  analysis  is 
contained  in  Table  3.6-3,  where  the  column  headings  are  explained 
as  follows: 


Blundered  Departure  Angle  (deg.)  -  the  angle  at  which  a  blundered 
aircraft  heads  toward  the  adjacent  approach  course  measured  from 
the  extended  runway  centerline. 
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Figure  3.6-3  Dual  Aircraft  Geometric  Analys 
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Blundered  Velocity  (knots)  -  the  velocity  of  the  blundered 
aircraft. 

Blundered  Bank  Angle  (deg.)  -  the  bank  angle  that  the  blundered 
aircraft  uses  to  make  rhe  corrective  maneuver. 

Blundered  Summed  Delays  (sec.)  -  a  total  of  all  the  delays  cf 
the  blundered  aircraft,  including  DAS  Update  Delay,  Communication 
Time,  and  Pilot/Aircraft  Reaction  Time. 

Adjacent  Summed  Delays  (sec.)  -  a  total  of  all  the  delays  of 
the  adjacent  aircraft,  including  Communication  Time  and  Pilot/ 
Aircraft  Reaction  Time  measured  after  the  Blundered  Summed 
Delays . 

Corrected  Parallel  Headings  (deg.)  -  the  heading  angle  of 
noth  the  blundered  and  adjacent  aircraft  at  the  point  in  time 
when  they  are  flying  parallel  courses  (i.e.,  the  blunder  is 
corrected) . 

Blunder  Correction  Time  (sec.)  -  the  total  time  required  for  a 
blundered  aircraft  to  attain  a  flight  course  parallel  with 
that  of  the  aircraft  on  the  adjacent  course  (total  blunder 
recovery  time  measured  from  the  time  the  blundered  aircraft 
reaches  the  action  point  until  the  blunder  is  corrected). 

Blunder  Recovery  Airspace  (ft.)  -  the  lateral  recovery  airspace, 
excluding  EDAS,  required  for  a  blundered  aircraft  to  recover 
to  a  course  parallel  with  that  of  the  adjacent  aircraft.  The 
blunder  recovery  airspace  is  measured  from  the  action  point 
perpendicular  to  the  extended  runway  centerline. 

To  utilize  the  dual  aircraft  analysis  data  contained 
in  Appendix  K,  the  desired  set  of  blundered  aircraft  parameter 
values  to  be  studied  must  first  be  selected  from  Table  3.6-1, 

For  the  purpose  of  illustration,  assume  the  desired  set  of 
values  to  be  as  follows: 

Departure  Angle  -  30  degrees 

DAS  Range  Accuracy  (t  )  -  .5  percent  of  range 

DAS  Azimuth  Accuracy  Te^)  -  1.0  degrees 
DAS  Update  Delay  -  1  second 

Aircraft  Velocity  -  100  knots 

Aircraft  Bank  Angle  -  30  degrees 

Pilot/Aircraft  Reaction  Time  -  5  seconds 
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Communication  Time 


-  4  seconds 


Also,  assu.<<e  the  Adjacent  Summed  Delays  to  be  2  seconds. 

First,  find  the  departure  angle  (30  deqrees)  in  the 
dual  aircraft  blunder  data  table  (Table  3.6-3).  The  aircraft 
velocity  (100  knots)  and  the  aircraft  bank  angle  (30  degrees) 
can  now  be  found  in  the  appropriate  columns.  Sum  the  DAS 
update  delay  (1  second) ,  the  pilot/aircraft  reaction  time 
(5  seconds),  and  the  communication  time  (4  seconds)  to  yield 
the  blunder  summed  delay  (10  seconds).  This  summed  delay 
value  falls  between  two  values  (9  seconds  and  16  seconds) 
in  the  Blundered  Summed  Delay  output  column,  c ince  the  delays 
of  the  adjacent  aircraft  (2  seconds)  falls  between  two  values 
(1  second  and  4  seconds)  in  the  Adjacent  Summed  Delays 
output  column,  the  desired  blunder  recovery  airspace  (1,039.96 
feet)  can  be  found  by  a  double  linear  interpolation,  between 
the  two  sets  of  recovery  airspaces  (951.23  feet  and  964.26 
feet)  and  (1,541.96  feet  and  1,554.99  feet). 

It  should  be  noted  that  the  blunder  recovery  air¬ 
space  of  Appendix  K  does  not  include  the  Data  /acquisition 
System  error  (EDAS) .  However,  the  /alue  of  EDAS  may  be  cal¬ 
culated  by  using  the  identical  technique  explained  previously 
for  the  single  aircraft  blunder  analysis.  By  using  the 
.desired  values  o::  eR  (.5  percent  of  range;  and  (1  degree) 
and  by  using  the  same  assumed  EDAS  location  parameter.;  as 
used  in  the  illustrative  example  for  the  single  aircraft 
blunder  analysis,  the  value  of  EDAS  is  101.17  feet. 

Upon  finding  the  value  of  EDAS  (101.17  feet), 
it  may  be  added  to  the  blunder  recovery  airspace  (1,039.96 
feet)  to  find  the  total  airspace  required  (1,141.13  feet) 
for  an  aircraft  to  recover  from  the  defined  blunder  condition. 
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SUMMARY 

The  Lateral  Separation  Study  provides  a  method  for 
determining  the  minimum  lateral  spacing  between  runways  and 
measuring  the  relative  safety  for  a  given  runway  spacing.  A 
detailed  procedural  description  of  this  method  is  contained  in 
Volume  I  of  this  report.  The  basic  objectives  of  Volume  II 
are  to  present  the  data  essential  to  the  determination  of 
minimum  runway  spacings  and  to  describe  the  development  of  the 
techniques  used  to  generate  this  data. 

A  presentation  of  the  list  of  data  essential  to  the 
determination  of  minimum  runway  spacings  and  a  brief  descrip¬ 
tion  of  the  problems  associated  with  the  generation  of  this 
data  were  contained  in  Section  1.1.  Briefly,  this  data  includes 
probability  of  collision  data,  normal  operating  zone  data,  and 
blunder  recovery  data.  The  problems  associated  with  the  genera¬ 
tion  of  the  data  were  subdivided  into  four  specific  problem 
areas : 

(1)  developing  system  models, 

(2)  determining  NOZ  data, 

(3)  determining  probability  of  collision  data,  and 

(4)  determining  blunder  recovery  airspace  data. 

Once  the  solutions  to  the  previous  four  problems  are 

obtained,  the  problem  of  determining  minimum  spacing  between 
runways  can  be  solved  (Volume  1) .  This  minimum  spacing 
based  on  an  associated  collision  probability  value  determined  by 
solving  (3),  a  normal  operating  zone  determined  by  solving  (2), 
a  blunder  recovery  area  determined  by  solving  (4),  and  a  no 
transgression  zone.  A  procedure  for  determining  minimum  runway 
spacings  was  determined  for: 

1.  Parallel  runways  and  independent  operations  for: 

FC-ILS-CTOL/FC-ILS-CTOL 
FC-ILS-CTOL/BC-ILS-CTOL 
FC-ILS-CTOL/  (VOR/DME) -CTOL 
FC.-ILS-CTOL/FC-ILS-STOL  (different  runway 
threshold  locations) 

FC-ILS-STOL/FC-ILS-STOL 

2.  Parallel  runways  and  dependent  operations  for: 

FC-ILS-CTOL/FC-ILS-CTOL 

3.  Skewed  runways  and  independent  operations  for: 

FC-ILS-CTCL/FC-ILS-STOL  with  due  considera¬ 
tion  for  approaches,  departures,  and  missed 
approaches . 
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Section  2  provided  a  detailed  description  of  the 
development  of  techniques  used  to  generate  the  required  data. 

The  basic  method  of  approach  is  illustrated  in  Figure  4-1. 
Statistical  descriptions  of  the  location  errors  (probability 
density  functions)  of  aircraft  operating  under  IFR  conditions 
were  used  directly  to  compute  the  probability  of  collision  data 
and  normal  operating  zone  data.  A  deterministic  analysis  wftich 
included  a  parametric  variation  of  the  oertinent  system  para¬ 
meters  was  used  to  generate  the  blunder  recovery  data. 

The  results  of  the  various  analyses  described  in 
Section  2  are  discussed  in*  Section  3  and  presented  in  the 
appendices.  In  addition  to  the  probability  of  collision  data, 
normal  operating  zone  data  and  blunder  recovery  data,  several 
other  study  results  were  presented  including:  measured  distri¬ 
bution  data,  approach  system  models,  sensitivity  data,  and  pro¬ 
bability  density  function  data. 

The  purpose  of  this  section  is  to  summarize  the  ap¬ 
proach  taken  to  generate  the  required  data  and  to  discuss  the 
resulting  data.  A  summary  of  the  major  tasks  shown  in  Figure 
4-1  and  a  brief  discussion  pertaining  to  the  data  generated  by 
each  task  is  contained  in  the  following  sections: 

(1)  system  models, 

(2)  probability  density  functions, 

(3)  normal  operating  zones, 

(4)  probability  of  collision,  and 

(5)  blunder  recovery  airspace. 

System  Models 

As  shown  in  Figure  4-1,  the  first  effort  undertaken 
was  the  development  of  system  models  which  describe  the  required 
approach  systems.  The  system  models  represent  the  lateral 
dynamics  of  a  composite  set  of  aircraft  operating  under  IFR 
conditions.  The  model  development  task,  described  in  Section 
2.1,  was  divided  into  two  parts: 

(1)  the  development  of  models  to  be  used  in  the 
generation  of  lateral  deviation  probability 
density  functions: 

1.  FC-ILS-I-CTOL  f 

2.  FC-ILS-II-CTOL, 

3.  BC-ILS-I-CTOL  , 

4.  VOR-CTOL, 

5.  FC-ILS-I-STOL,  and 

(2)  the  development  of  models  to  be  used  as  analysis 
tools  to  study  approach  systems: 


> 

i 


* 


i 

l 

/ 


l 
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Figure  4-1  Method  of  Solution 


1.  Curved  Path  Model  and 

2.  Multiple  Aircraft/Runway  Model 

Due  to  similarities  in  all  of  the  required  models, 
a  nominal  system  model  was  developed  in  Section  2,1.2  from 
which  all  required  expanded  models  were  developed  a,s  discussed 
in  Section  2  .>1  -  3 «  The  nominal  model  represents  a  composite  set 
of  ,CTOL  aircraft  approaching  a  CTOL  runway  on  the  front  course  •  ' 
'of  an  ILS  Category  I  approach  system.  Three  versions  of  the 
nominal  model  were  developed  for  use  in  the  various  required 
analyses: 

1  (1)  Nominal  System  Model, 

(2)  Nonlinear,  Simulated  Delay  Nominal  Model,  and 

(3)  Linear  Simulated  Delay  Nominal  Model 

Verification  of  the  nominal  model  was  accomplished 

in  Section  2.4  by  performing  three  analyses:  time  response 
analysis,  frequency  response  analysis,!  and  statistical  response 
Analysis .  By  comparing  the  nominal  model  predicted  lateral 
distribution  to  measured  distribution  data,  the  nominal  model 
was  shown  to  accurately  describe  the  FC-ILS-INOM-CTOL  approach 
system.  ,  * 

i  In  an  effort  to  determine  the:  dominant,  system  para¬ 

meters,  errors,  and  initial  conditions,  a  sensitivity  analysis 
was  performed  on  the  nominal  model  using  both  a  deterministic 
and  a  statistical  approach.,  The  sensitivity  analysis  yielded 
•an  effective  means  of  determining  dominant  elements  in  the 
approach ■ system  and  can,  in  turn,  be  used  to  adapt  system  models 
to  measured  distribution  data  or  new  system  requirements.  The 
system  parameters  which  appear  to  have  the  largest  effect  upon 
the  lateral  deviation  are  those  associated  with  the  pilot.  The 
aircraft  and  runway  associated  parameters  appear  to  have  a 
small  effect  in  comparison  to  the  pilot  parameters.  The  system 
errors  which  appear  to  have  the  largest  effect  upon  the  lateral 
error  'distribution  are  those  due  to  pilot  attitude.  Also;,  the 
effect  due  to  system  equipment  errors  tends  to  increase 
with  decreasing  range,  while  the  effect  due  to  initial  condi¬ 
tion  errors,  such  as  heading  angle,  tend  to  decrease  as  range 
decreases.  , 

The  verified  nominal  model  was  used  to  develop  the 
models  needed  for  the  generation  of  the  lateral  error  probabil¬ 
ity  density  functions.  These  models  simulate  a  composite  set  of 
aircraft  flying  the  final  leg  of  an  instrument  approach  under 
IFR  conditions.  The  nominal  model  was  adapted  to  the  measured 
distribution  data  '(Section  2.3  and  3.1)  for  each  of  the  approach 
system  models  as  described  .in  Section  2.5.  This  process  utilized 
the  sensitivity  data  to  determine  the  changes  in  the  model 


1 
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parameters  and/or  errors  necessary  to  adapt  the  nominal  model 
such  that  the  model-predicted  distribution  accurately  approxi¬ 
mated  the  measured  distribution  data.  This  process  yielded 
five  approach  system  models  which  accurately  described  the 
lateral  dynamics  of  the  following  approach  systems: 

FC-ILS-I-CTOL 

FC-ILS-II-CTCL 

BC-ILS-I-CTOL 

VOR-CTOL 

FC-ILS-I-STOL 

The  nominal  model  could  be  modified  .in  a  similar 
manner  to  simulate  other  approach  systems,  aircraft,  pilots, 
procedures,  etc.  Additionally,  the  evaluation  of  new  concepts 
and  future  systems  can  be  accomplished  by  modifying  the  nominal 
model. 

In  addition  to  the  above  models,  it  was  necessary  to 
develop  two  models  to  be  used  as  analysis  tools  to  study 
approach  systems: 

(1)  Curved  Path  Model 

(2)  Multiple  Aircraft/Runway  Model 

Both  of  these  models  were  developed  by  expanding  the  nominal 
model  to  include  the  necessary  operations  and  runway  configura¬ 
tions  as  discussed  in  Section  2. 1.3. 2.  These  models  may  be 
used  in  the  prediction  of  distribution  data  for  systems  in 
which  no  measured  field  data  exists  as  well  as  for  departures 
and  missed  approaches.  Certain  system  characteristics  which 
are  difficult  to  observe  in  the  actual  approach  system  (such  as 
multiple  aircraft  relative  velocities  and  locations,  aircraft 
bank  angle  and  heading  angle,  curved  path  characteristics, 
etc.)  may  be  obtained  from  these  system  models. 

Both  the  curved  path  model  and  the  multiple  aircraft/ 
runway  model  have  been  programmed  in  FORTRAN  IV  computer  pro¬ 
grams..  The  computer  programs,  including  source  listings, 
flow  charts,  and  operating  instructions,  are  described  in 
detail  in  the  User's  Manual. 


Probability  Density  Functions 

A  positional  error  probability  density  function,  as 
utilized  in  this  study,  is  a  statistical  description  of  the 
errors  about  an  "ideal  track".  It  is  defined  for  a  composite 


set  of  aircraft  flying  the  final  leg  of  an  instrument  approach 
under  IFR  conditions.  A  complete  three  dimensional  statistical 
description  of  these  errors  is  required  to  aid  in  the  generation 
of  data  necessary  to  determine  minimum  runway  spacings  (NOZ 
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and  probability  of  collision  data).  For  this  reason,  the  posi¬ 
tional  error  probability  density  space  consists  of  three  dimen¬ 
sions  (lateral,  vertical,  and  longitudinal). 

The  primary  dimension  utilized  in  the  lateral 
separation  criteria  determination  is  the  lateral  dimension. 

For  this  reason,  lateral  approach  system  models  were  developed 
which,  when  included  in  the  Fokker-Planck  equation,  accurately 
generate  the  lateral  PDF  for  the  required  approach  systems.  The 
basic  approach  for  generating  the  required  lateral  PDF's  includes 
four  steps: 

1.  Determine  the  lateral  error  PDF  to  be  used  to 
initialize  the  Fokker-Planck  equation. 

2.  Incorporate  the  approach  system  model  into 
nonlinear  state  equations. 

3.  Reduce  the  nonlinear  state  equations  to  a  set 
of  linear  second  order  state  equations. 

4 .  Incorporate  the  reduced  state  equations  into 
the  Fokker-Planck  equation  and  generate  the  PDF 
with  the  initial  distribution  from  step  1. 

Using  the  above  approach,  lateral  PDF's  were  generated  for  the 
systems  listed  below: 

1.  FC-ILS-I-CTOL 

2.  FC-ILS-II-CTOL 

3.  BC-ILS-I-CTOL 

4 .  VOR-CTOL 

5.  FC-ILS-I-STOL 

The  reduced  system  model  state  equations  that  were 
used  in  the  Fokker-Planck  equation,  resulted  in  accurate 
approximations  to  the  original  models  over  the  ranges  considered. 

The  measured  distribution  data  (Section  2.3),  used 
in  the  initialization  of  the  Fokker-Planck  equation,  was  col¬ 
lected  from  various  sources.  The  resulting  data  was  obtained 
by  combining  the  data  from  the  various  sources  into  one  data 
set  representing  each  of  the  required  approach  systems.  The 
Fokker-Planck  equation  for  each  of  the  first  four  cases  is 
initialized  at  the  turn-on  range  using  the  modified  Burgerhout 
distribution  fit  to  the  measured  distribution  data.  The  modified 
Burgerhout  distribution  is  used  to  initialize  the  CTOL  lateral 
cases  in  an  effort  to  better  describe  the  measured  distribu¬ 
tion  data,  which  had  a  large  number  of  data  points  in  the  tails 
of  the  distribution.  The  initial  distribution  used  for  the  STOL 
case  is  the  gaussian  distribution. 

The  PDF's  for  all  five  cases  are  determined  quite 
accurately  using  the  Fokker-Planck  equation.  This  accuracy  is 
due  to  the  fact  that  the  Fokker-Planck  equation  utilizes  the 
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dynamics  of  the  system  to  generate  the  resulting  PDF's.  The 
increments  used  in  the  Fokker-Planck  calculation  were  23.6 
feet  in  range  and  174  feet  laterally. 

The  resulting  lateral  PDF's  for  all  cases  are 
symmetric  with  a  mean  on  the  extended  runway  centerline  and  a 
standard  deviation  which  decreases  monotonically  from  the  turn¬ 
on  range  to  the  final  range.  The  VOR  and  BC-ILS  lateral  errors 
are  much  larger  than  the  FC-ILS  lateral  errors. 

The  description,  implementation,  and  verification 
of  the  Fokker-Planck  equation  as  applied  to  this  study  is 
contained  in  Sections  2.2  and  2.5.  The  Fokker-Planck  equation 
yields  an  effective  and  accurate  method  for  predicting  probabil¬ 
ity  density  functions.  New  or  different  approach  systems  in 
which  no  measured  distribution  data  is  available  could  also 
be  studied  using  the  Fokker-Planck  equation. 

For  the  collision  probability  determination,  the 
composite  CTOL/STOL  operations  required  vertical  dimension  error 
PDF's  for  FC-ILS-I-CTOL  and  FC-ILS-I-STOL.  This  results  from 
the  fact  the  CTOL  operation  hr.s  a  different  glideslope  (2.5°) 
than  the  STOL  (7.5°)  operation;  and,  therefore,  the  worst  case 
assumption  of  vertical  coincidence  is  not  valid.  A  gaussian 
vertical  error  PDF  was  selected  for  both  of  the  approach  systems 
The  gaussian  distributions  were  determined  by  using  the  mea¬ 
sured  error  distribution  data  as  the  vertical  error  PDF.  The 
measured  data  standard  deviations  were  linearly  interpolated  to 
arrive  at  vertical  distributions  at  the  required  range  points 
for  the  two  vertical  systems.  The  means  for  both  the  CTOL 
and  STOL  vertical  PDF's  were  set  to  the  glideslope  value  to 
reduce  the  problem  of  including  system  biases  that  were  peculiar 
to  the  measured  data  collection  sites.  No  attempt  was  made  to 
include  the  non-symmetrical  distribution  effect  which  occurs 
near  touchdown  for  either  of  the  two  systems. 

The  need  for  a  longitudinal  error  density  func¬ 
tion  was  predicated  by  the  requirement  to  determine  probability 
of  collision  data  for  dependent  operations.  Thus,  a  longitudi¬ 
nal  error  density  function  was  required  for  the  FC-ILS~I-CTOL 
approach  system.  Using  a  gaussian  velocity  error  distribution 
with  a  constant  standard  deviation  and  a  mean  equal  to  the 
nominal  approach  speed,  the  longitudinal  error  probability 
density  function  was  generated  as  discussed  in  Section  2. 3. 2. 3. 


Normal  Operating  Zones, 

The  PDF's  for  the  lateral  dimension  were  used  to 


calculate  the  NOZ's  for  the  following  approach  systems: 
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1.  FC-ILS-I-CTOL 

2.  FC-ILS-II-CTOL 

3.  BC-ILS-I-CTOL 

4 .  VOR-CTOL 

5.  FC-ILS-I-STOL 

The  NOZ  is  defined  as  being  that  zone  which  includes  either  68% 
or  95%  of  the  operations.  The  NOZ  is  symmetric  about  the 
extended  runway  centerline  since  the  means  of  the  lateral 
error  PDF's  are  assumed  to  be  zero.  A  direct  integration  of 
the  lateral  PDF's  for  each  of  the  five  cases  was  used  to  deter¬ 
mine  the  resulting  NOZ's.  The  NOZ's  followed  the  same  trend 
as  the  lateral  PDF  standard  deviations ,  as  expected. 

Due  to  the  lack  of  measured  distribution  data  for 
STOL  aircraft  on  curved  departures,  the  method  of  NOZ  determina¬ 
tion  for  the  CTOL/STOL  skewed  runway  is  different  from  the 
previous  case.  The  68%  and  95%  NOZ's  for  the  STOL  system  in 
the  CTOL/STOL  configuration  were  determined  using  a  Monte  Carlo 
simulation  of  the  STOL  curved  departure.  The  NOZ  for  minimum 
spacing  determination  is  required  only  at  the  point  of  minimum 

spacing  between  the  CTOL  runway  and  the  STOL  departure  path. 


Probability  of  Collision 

In  order  to  determine  the  minimum  lateral  spacing 
between  two  parallel  runways,  a  means  of  measuring  the  rela¬ 
tive  safety  of  two  aircraft  attempting  to  land  on  parallel 
runways  is  needed.  This  relative  safety  is  defined  to  be  the 
probability  of  collision  in  the  Lateral  Separation  Study. 

The  objective  of  this  analysis  is  to  provide  a 
relative  measure  of  safety,  rather  than  an  absolute  measure  of 
collision  probability.  For  this  reason,  worst  case  conditions 
are  employed  in  all  probability  of  collision  calculations.  The 
definition  of  the  worst  case  condition  for  each  specific  sys¬ 
tem  considered  is  dependent  upon  which  dimensions  are  the  pri¬ 
mary  dimensions  of  interest.  In  each  case,  the  nrimary  dimen¬ 
sions  of  interest  are  the  only  dimensions  in  which  statistics 
are  used;  in  the  other  dimensions,  the  absolute  worst  condi¬ 
tion  is  assumed  as  illustrated  in  Table  4-1.  For  the  above  rea¬ 


sons,  the  probability  of  collision  data  discussed  in  this  sec¬ 
tion  should  be  utilized  as  a  "relative"  measure  of  safety  as 
opposed  to  an  "absolute"  measure. 

It  is  assumed  throughout  this  analysis  that  the 
airspace  requirements  for  a  departure  are  no  greater  than  for 
an  approach;  therefore,  probability  of  collision  models  are 
based  on  approaches,  and  all  subsequent  results  obtained  are 
assumed  to  be  equally  valid  for  both  departures  and  approaches. 
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The  probability  of  collision  between  two  aircraft 
approaching  parallel  runways  is  considered  in  Section  2.6  for 
the  following  cases: 

(a)  CTOL/CTOL  independent  operations 

(b)  STOL/STOL  independent  operations 

(c)  CTOL/CTOL  dependent  operations 

(d)  CTOL/STOL  independent  operations. 

The  aircraft  lateral,  vertical,  and  longitudinal 
error  probability  density  functions  are  used  in  the  generation 
of  the  required  probabilities  of  collision,  as  discussed  in 
Section  2,6.2.  The  specific  cases  for  which  probability  of 
collision  data  were  generated  are  illustrated  in  Figure  4-2 . 

The  probability  of  collision  data  for  CTOL/CTOL 
independent  operations  indicates  that  the  probability  of  col¬ 
lision  is  smallest  for  FC/FC  approach  configurations.  The 
probabilities  of  collision  for  FC/BC  and  FC/VOR  approaches 
are  approximately  the  same  magnitude,  but  both  are  larger 
than  FC/FC  approaches.  Probability  of  collision  for  STOL/STOL 
independent  operations  are  extremely  small  in  comparison  with 
CTOL/CTOL  independent  approaches.  The  effect  of  a  gaussian 
longitudinal  PDF  yields  very  small  probability  of  collision 
values  for  large  longitudinal  separations  for  CTOL/CTOL  depen¬ 
dent  operations.  The  probability  of  collision  values  for  CTOL/ 
STOL  operations  with  a  3000  foot  threshold  displacement  are 
considerably  larger  than  for  those  operations  with  no  threshold 
displacement. 

Blunder  Recovery  Airspace 

The  blunder  analysis  is  an  investigation  of  the 
airspace  required  for  an  aircraft  to  recover  from  abnormal 
operations  or  blunders.  This  airspace  is  identified  as  the 
total  lateral  extension  of  the  normal  operating  zone  required 
to  bring  a  blundered  aircraft  to  a  course  parallel  with  either 
the  runway  centerline  or  parallel  to  the  course  of  the  aircraft 
in  the  adjacent  parallel  approach  path.  A  thorough  description 
of  the  blunder  analysis  is  presented  in  Section  2.7.  The 
blunder  analysis  was  divided  into  two  areas  which  analyze 
recovery  operations  for  single  aircraft  recovery  maneuvers  and 
recovery  operations  for  dual  aircraft  maneuvers. 

A  deterministic  approach  was  used  in  this  analysis 
which  considered  a  parametric  variation  of  the  blunder  para¬ 
meter  values.  These  parameter  values  bound  all  reasonable 
operating  conditions,  equipment  accuracies,  system  delays, 
aircraft/pilot  dynamics,  and  communication  times.  The  resulting 
blunder  recovery  airspace  was  determined  from  the  geometry  of 
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the  blunder  recovery  operations. 

The  blunder  recovery  airspace  required  for  corrective 
maneuvers  by  both  the  blundered  aircraft  and  the  adjacent  air¬ 
craft  was  generally  leas  than  that  required  for  corrective 
maneuvers  by  the  blundered  aircraft  only.  As  indicated  in 
Section  2.7,  the  dominant  contributors  to  blunder  recovery  air¬ 
space  are  the  system  delays  followed  by  departure  angle,  air¬ 
craft  velocity,  and  aircraft  bank  angle  in  order  of  decreasing 
dominance . 


APPENDIX  A 


AIRCRAFT  MODEL 

This  appendix  describes  an  aircraft  model  and 
includes  a  complete  set  of  equations  for  defining  the  trajec¬ 
tory  of  an  aircraft  maneuvering  in  pitch  and  yaw  simultaneously. 
This  model  will  be  used  to  generate  the  state  equations  for 
the  analytical  solution. 

The  coordinate  systems  used  in  this  derivation 
are  shown  in  Figure  A-l.  The  body  axis  system  is  identified 
by  the  x,  y,  z  axes  and  has  its  origin  at  the  aircraft  center- 
of-gravity.  The  x  axis  is  defined  positive  forward  along 
the  aircraft  fuselage  centerline;  the  2  axis  is  positive  along 
the  earth's  gravitational  vector  toward  the  center  of  the 
earth;  and  the  y  axis  completes  the  system.  The  earth's 
axis  system  is  identified  by  the  X* ,  Y’ ,  Z'  axes  and  ha3  its 
origin  on  the  earth's  surface.  The  Z  axis  is  positive  along 
the  earth's  gravitational  vector  toward  the  center  of  the 
earth. 


Aircraft  Axis  System 

x 


z 

Earth  Axis  System 
X' 


Z' 


Figure  A-l  Coordinate  Systems 


The  aircraft  is  assumed  to  maneuver  at  a  constant 
airspeed  and  with  no  sideslip  or  angle  of  attack.  Further, 
only  normal  acceleration  is  considered  to  be  acting  on  the  air¬ 
craft.  Using  the  aircraft  body  axes  as  a  reference,  the 
acceleration  is  expressed  as,  "a  -  u  x“v,  where  a  is  the 
inertial  acceleration  vector  of  the  aircraft,  w  is  the  rotation 
rate  vector  of  the  aircraft  body  axes  and  v  i3  the  aircraft 
velocity  vector. 

The  inertial  acceleration  is  composed  of  the  total 
acceleration  of  the  aircraft  (a^  =  Lift/Mass)  and  the  gravita¬ 
tional  acceleration  (g)  . 

a  «  32.2(a^  +  g)  =  32.2(a13  x  +  a23  y  +  (a33  +  az)z) 

In  this  equation,  a^j  is  defined  as  the  direction  cosine  of  the 
it*1  row  and  the  jth  column  of  the  Earth  to  vehicle  direction 
cosine  matrix,  a2  is  the  total  normal  acceleration  (positive 
downward  along  the  positive  z  axis)  and  x,  y,  z  are  unit  vectors 
along  the  x,  y,  and  z  body  axes  respectively. 

The  rotation  rate  of  the  aircraft  body  axes  may  be 
written  in  terms  of  the  rotational  rates  (p,q,r)  about  the 
x,y,  and  z  body  axes. 

uj  =  px  +  qy  +  rlz 

This  equation  may  be  rewritten  by  making  use  of  the  following 
Eulfer  rate  equations, 

p  =  ijia13  +  $ 
q  »  ij>a23  +  9  cos  4> 
r  =  $a33  -  0  sin  $ 

w  =('j<a13  +  p)x  +  ( <^23  +  ©cosily  +  (\t>a33  ~  9sin4»)z 

where  <p,  0,  <J>  are  the  Euler  angles  which  define  aircraft  body 
axis  orientation  with  respect # to  the  Earth  axis  system.  The 
Euler  angle  rates,  ip,  0,  and  4>,  correspond  to  a  yaw  (ijj),  pitch 
(0),  bank  (4>)  sequence  in  transforming  from  earth  axes  to  body 
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The  velocity  vector  (V)  lies, along  the  aircraft  x 
body  axis  due  to  the  assumption  of  zero  sideslip  and  angle  of 
attack;  i.e.  V  =  V  x.  The  cross  product,  a  *  w  x  V,  gives  the 
following  result. 


32.2  (a^,  x  +  a23 


y  +  (a„  +  ajz) 


=  v($a33  -  0  singly  -  v(ij>a23  +  0  ccs<j>)  z 


al3  =  ° 


a23  =  JJJJ  ^a33  "  ®sin(^) 


a00  +  a  *  ~ — ” 
33  z  32.2 


(  i^a23  +  0cos(J)) 


The  equality,  a13  x  =  0,  indicates  that  the  acceler¬ 
ation  along  the  x  body  axis  must  be  zero  which  agrees  with  the 
assumption  of  constant  velocity.  The  second  and  third  equal¬ 
ities  may  be  solved  simultaneously  tc  produce  the  following 
equations  for  the  Euler  angle  rates. 


+32.2  (a23  cos<J>  -  (a33  +  az)sin<j>)  _  -32.2  az  sin<j> 
V(a33  cos<J>  +  a23  sin<j>)  V  cos  0 


.  -32.2(a232  +  (a33  +  az)a33)  -32.2(cos6  +  cos4>  az) 

V(a33  cos<:  +  a23  sin<{>)  V 

Therefore,  if  the  aircraft  bank  angle  (<j>)  and  total 
normal  acceleration  (az)  are  known  as  functions  of  time,  the 
above  equations  may  be  integrated  to  determine  the  Euler  angles 
(radians)  for  Earth  axes  to  airplane  body  axes.  These  Euler 
angles  may  be  used  to  define  the  direction  cosine  matrix  (A) 
between  Earth  and  body  axes. 


f \ 


faH  a12  al3 


a21  a22  a23 


a31  a32  a33 
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For  the  specified  ip,  0,  <P  sequence  the  elements  are  defined  as 
follows . 


a^  »  cos  0  cos  ip 

*12  "  cos  0  8*n  $ 

a13  *  -sin  0 

a21  *  8*n0  cos^  “  cos<>  sintp 

a..-  *  sin$  sin0  sinty  +  cos$  cosip 

£2 

a23  *  sin4>  cos0 

a31  “  cos$  s*n®  cos^  +  «in$  sin\|) 

a32  ~  COB<f>  s*ne  s^n1^  “  sin$  cos* 

a33  =  cos*  cos9 

It  is  normally  required  to  define  the  aircraft 
velocity  rates  on  the  earth  axes  (Vx’,  Vy* ,  Vz').  This  may  be 
accomplished  by  using  the  transpose  of  the  matrix  (A)T. 


’  Vyl  *  (A)  - 


Vy..,  -  V  cos  0  cos* 

A 

Vy,  =  V  cos  9  sin* 

V_,  =  -V  sin  6 

a 

In  addition,  the  location  of  the  aircraft  on  the 
Earth  axis  (X’,  Y’ ,  Z')  may  be  found  by  integrating  the 
velocities. 

If  a  level,  coordinated  turn  is  to  be  performed,  the 
maneuver  is  defined  by  the  following  equations. 


,  *±— "Sif 


i  MhirifiiT  i j it ■' \ T 


-  *v^-ry«KW‘ 


«Ss,w^3T  „ 


0  =0 


az  a 


cost 


These  produce  the  following  results  which  agree  with- the  • 
standard  rate  equations. 

§  ^  0 

*  32.2  tan  t 

y  V 

i 

If  a  pitch  acceleration  maneuver  is  to  be  performed, 
it  is  defined  by  the  following  equations. 

$  =  0 

az  =  f(t) 

These  produce  the  following  results  which  agree 
with  the  standard  pitch  rate  equation. 

t  *  0 

’  *  -32.2  (cos0  +  a„) 

0  *  -  - 


The  complete  aircraft  model  equations  and  coordi¬ 
nate  system  are  defined  below: 


Input  - 


4)  =  f  (t.)  ,  radians 


Initial  Conditions  - 


x0',V'V  '  ft 


,  ft/sec 


4>0t  °o'  ^o  '  radians 


Equations  of  Motion  - 


i  32.2  tan  <t> 


8  s  0 


y  “  lPft  +  fid t 


0  3  0, 
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Equations  of  Motion  -  Vx'  ■  V  cos0o  coaij >  '  j 

(Continued)  ! 

Vy‘  ■  V  co8  0o  sintj;  ,  | 

Vz'  -  -V  sin60  1 

X'  -  +  /vx"d t 

.  &  i 

*’  -  +  /vY'dt  ,  | 

■  -  2’  ■  Z°  +  /Vdt  *  ]: 


I 

i 

V 
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APPENDIX  B 


A  MATHEMATICAL  DESCRIPTION  OF  DAVISON’S  METHOD 
The  linear  model  to  be  reduced  is  of  the  form 
x  =  Ax  +  b 

where  A  is  a  real  NxN  matrix*  and  b  is  a  real  Nxl  vector. 

The  solution  to  this  system  as  given  by  Davison  is 

-I 

x  =  SDS  b 

where  S  is  an  NxN  matrix  of  normalized  eigenvectors  of  A 
(each  eigenvector  is  a  column  of  S)  and  D  is  an  NxN  diagonal 
matrix  with  the  i-th  diagonal  element  equal  to 

Ai1  (-1  +  exp  (Ait)] 

where  A^  is  the  i-th  eigenvalue  of  A  and  t>0  denotes  time  (in 
seconds  for  this  application) ,  This  solution  can  be  written 
in  the  form 


where 

S 

S 


~  (si;. ;  i-1, . . .  ,n;  j=l, . . .  *n) 

“  (s  #  i=x. . . . ,n; j-1, . . .n) 


Let  x.  be  the  state  to  be  examined,  in  this  case  lateral 
deviation,  then 


xx  (t) 


(1) 


To  reduce  this  system,  Davison  assumes  the 
X^'8  are  sorted  in  the  order  of  increasing  modulus,  i.e., 


^1  —  ^  2  — ■  ***  —  *n* 


If  the  reduced  system  is  to  contain  L  states 
(L<n) ,  then  it  is  assumed  the  x  vector  (also  the  A  and  b 
matrices)  is  organized  such  that  states  x^,...,xL  are 
retained  and  xL+1#***#xn  are  deleted.  Consequently,  if 
L  states  are  to  be  retained,  then  they  will  be  the  first 
L  states  of  the  x  vector. 
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APPENDIX  C 


SOLUTIONS  OF  PARTIAL  DIFFERENTIAL  EQUATIONS 
BY  THE  USE  OF  FINITE  DIFFERENCES 


When  using  a  finite-difference  technique  to  solve 
a  second  order  partial  differential  equation  (plus  associated 
boundary  and  initial  conditions) ,  a  network  of  grid  points  is 
first  established  throughout  the  region  of  interest  occupied 
by  the  independent  variables.  The  general  form  of  the  partial 
differential  equation  is  represented  by  U  *  U(x^,x2,t)  where 
the  explicit  form  of  U  contains  no  derivatives  beyond  second- 
order.  Let  the  two  space  coordinates,  x1  and  x2,  and  time,  t, 
be  the  independent  variables.  The  respective  grid  spacings 
are  ax^,  Ax2,  and  At.  Subscripts  i,  j,  and  n  may  then  be 
used  to  denote  that  space  point  having  coordinates  (iAx^, 
jAx2»  nAt) ,  also  called  the  grid-point  (i,j,n).  Let  the  exact 
solution  to  the  partial  differential  equation  be  u=u(x^,x2,t) 
and  let  its  approximation,  to  be  determined  at  each  grid  point 
by  the  method  of  finite  differences,  be  V.  .  . 

1  9  J 

The  partial  derivatives  of  the  original  partial 
differential  equation  are  then  approximated  by  suitable  finite- 
difference  expressions  involving  Ax^  Ax^,  At,  and  V^j,n. 

This  procedure  leads  to  a  set  of  algebraic  equations  in  the 
vi  i  nf  whose  values  may  then  be  determined.  By  making  the 
gria  spacings  sufficiently  small,  it  is  hoped  that  V^j,n  will 
become  a  sufficiently  close  approximation  to  ui  j  n  at  anY  grid 
point  (i,j,n). 

Suppose  for  simplicity  that  u=u (x^ ,x2 ,t) .  Assuming 
that  u  possesses  a  sufficient  number  of  partial  derivatives, 
the  values  of  u  at  the  two  points  (x^,x2,t)  and  (x^+h,x2+k, 
t+s)  are  related  by  the  Taylor  expansion: 


u ( x^+h ,  x2+k , t+s ) 


u(x1,x2,t)+(h_l_+k_l_  +s_|)u(x1,x2,t) 

+  rr  (h9li+k»F2+slt)2u(xi'x2't)  +  ••• 

+  Tn^TTl  (h  "<xl-2.t>+»n 
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where  the  remainder  terra  is  given  by 

kn  *  nt~  h  it  +  +  Sit  "U<-V5h'V?k't+E3) 

1  2  0<5<1. 

That  is, 

Rn  =  F  |h|  =  |k|  +  |s|  n  , 

which  means  there  exists  a  positive  constant  M  such  that 

lRnll  M  |h|+|k|+|s|  n  as  and  8  tend  to  zero. 

The  space  point  {iAx^, jAx2,nAt)  is  surrounded  by 

neighboring  grid  points.  Expanding  in  Taylor's  series  form 

for  u.  ,  .  about  the  central  value  u.  .  ,  the  following  is 

.i-l,3,n 
obtained: 


u.  ,  .  =  u.  .  -  Ax,u 

l-l, 3, n  l , 3 ,n  1  x 


-  Ax  u  +  u  -U*l)3  „ 

^  21  X1X1  31  x,x  x 

X  1 


4.(AXl) 


41  VlVl 

•  (Axi)2  (Axl)3 

u.  .  .  *  u,  .  +  Ax  u  +  - ± —  u  +  u 

i+l, 3, n  i,3,n  1  21  3>  \*i*L 


+  (AXl) 

— 7~, u 

4!  x,x,x,  x, , 

1x11 

„  3u,  3^u  ,  etc.,  and  all  derivatives  are  eval- 

*1  axi  xixi  3xi2 

uated  at  the  grid  point  (i,j,n).  By  taking  these  equations 
singly,  and  by  subtracting  one  from  the  other,  the  following 
finite-difference  formulas  for  the  first  and  second-order 
derivatives  at  (i,j,n)  are  obtained: 


1? .  -u 

3u  ;+i,j,n  i 


+  F(Ax1), 


u.  -u, 
i,j,n  1— ■ 


+  F{Axx), 


”  ^wuw.mv ->.  TBjj^gg^Bgggw^T  "n  ',i'  ~r..-; 


& 


*S*SJKn> 


5  * 

£ 
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APPENDIX  D 


VARIANCE  PROPAGATION  OF  A  LINEAR  SYSTEM 


This  appendix  develops  a  vector  equation  which 
describes  the  behavior  of  the  output  variance  of  a  linear 
system  having  a  gaussian  input. 


For  gaussian  distributions  the  mean  and  variance 
of  the  response  ot  a  linear  system  give  a  complete  statistical 
description  of  the  process.  It  can  be  shown1 that  the  results 
of  any  linear  operation  on  a  gaussian  distribution  is  another 
gaussian  distribution.  Thus,  if  the  input  to  the  system  is 
gaussian,  and  if  the  transformation  of  mean  and  variance  can 
be  determined,  then  the  output  distribution  of  the  system  is 
completely  defined. 


Considering  a  continuous  dynamic  transformation, 
the  first-order  time-varying  vector  differential  equation  is 


x(t)  =  A ( t ) x ( t )  ^  B(t)u{t) 


(1) 


A  priori  k-owledge  of  the  mean  and  variance  of  x(t  )  and  u(t) 
is  assumed  and  these  quantities  are  denoted  as  follows : 


W  -  ®  { s(to>I  w  -  var  U(Vl 

E  [u(t)j  vu^tl'fc2)  “  Cov  |u(t1),u(t2>| 


^(t) 


The  equations  that  deterrains  the  mean  and  variance 
of  x(t) ,  ux(t)  and  vx(ti»t2^f  are  derived  as  follows.  Applying 
the  definition  of  expectation  to  Equation  (l},the  mean  is 

(2) 


given  as  u  (t^  -  A(t)  u  ( t )  +  B(t)  u  (t) 

— A  *A  U 


Differentiation  of  the  definition  of  variance  yields 
Vx(t)  =  (e  [x(t)xT(t>] ) 

=  E  [  x(t)xT(t)  +  x(t)xT (t ) J 


Sage,  A-P.  and  Melsa,  J.L.,  Estimation  Theory  with  Appli¬ 
cations  to  Communications  and  Control ,McGraw-Hill .  New  York,  1971, 


D-I 


;  -A 

i  i 


kiA'i  /.<j  tfi  — 


where  jj^(t)  =  0.  Substituting  Equation  (1)  in  the  above 
expression  gives 

Vx(t)  =  e[  A(t)x(t)xT(t)  +  B(t)u(t)xT(t)| 

+  E  [x(t)  xT(t)  AT{  t)  *  x(t)uT(t}BT(t)] 

=  A{t)Vx(t)  +  Vx(t)AT(t)  +  B(t)Vux(t)  +  Vxu(t)BT(t) 

(3) 

Assuming  u(t)  to  be  white  noise,  but  not  limiting 
it  to  being  a  stationary  random  process,  it  can  be  shown  that 
for  t  =  tj  88  t, 

Vxu(t)  *  vxu(t'fc>  =  D(t)  ¥u(t) 

2 

and 

v  (t)  =  v  T<t)  *  yuT(t) 

UX  xu  2 

yu(t)  =  »uT(t) 

Therefore  Equation  (3)  becomes 

^  (t)  =  A(t)Vx(t)  +  V  (t)AT(t)  +  B  (t)  V  (t)  RT  (t) 

(4) 

Equations  (2)  and  (4)  are  the  mean  and  variance, 
respectively,  of  the  linear  system  and  were  evaluated  numer¬ 
ically  using  trapezoidal  and  Runge-Kutta  techniques  of  inte¬ 
gration. 


APPENDIX  E 


MEASURED  DISTRIBUTION  DATA 

Lateral  deviations  of  aircraft  have  been  measured  at 
various  airports  by  several  organizations  including  the  FAA  and 
Resalab.  Though  the  data  was  collected  with  different  tech¬ 
niques,  it  has  been  processed  to  remove  all  known  errors  and  is 
presented  in  a  form  such  that  it  can  be  combined  with  other  col¬ 
lected  data. 


The  data  used  by  Resalab  in  the  lateral  separation 
project  is  presented  in  this  appendix.  Distribution  data  is 
presented  for  the  systems  shown  in  Table  E-l. 

Table  E-l  Required  Measured  Distributions 


t  ■ 

System* 

Table 

Number 

Comments 

Lateral  Distribution 

FC-ILS-INOM-CTOL 

E-2 

Nominal  Measured  Distribution 

Data 

•  FC-ILS-I-CTOL 

E-3 ,E-4 

Histogram  Data, Mean  and  Stan¬ 
dard  Deviation  Table 

FC-ILS-II-CTOL 

E-5 ,E-6 

Histogram  Data, Mean  and  Stan¬ 
dard  Deviation  Table 

BC-ILS-I-CTOL 

E-7 ,E-8 

Histogram  Data, Mean  and  Stan¬ 
dard  Deviation  Table 

VOR-CTOL 

E-9 

Mean  and  Standard  Deviation 
Table 

FC-ILS-I-STOL 

E-10 

Assumed  Gaussian 

Vertical  Distribu¬ 
tion 

FC-ILS-I-CTOL 

E-ll 

Mean-  and  Standard  Deviation 
Table 

j  FC-ILS-I-STOL 

E-l  2 

Assumed  Gaussian 

Table  E-l  Required  Measured  Distributions  (Continued) 


System* 

Table 

Number 

Comments 

longitudinal  Distri- 
aution 

FC-ILS-I-CTOL 

E-13 

Assumed  Gaussian 

♦Representative  example  -  FC-ILS-I--CTOL  where 

FC  ~  front  course 

ILS  ~  Instrument  Landing  System 

I  ~  Category  I  aircraft  on  Category  I  beams 

CTOL  -  CTOL  aircraft  on  CTOL  runways 

The  histogram  data  is  presented  at  the  si.vne  specific- 
ranges  as  the  mean  and  variance  data.  The  range  to  touchdown  is 
given  in  meters  across  the  top  of  the  page.  The  lateral  devia¬ 
tions  are  given  in  multiples  of  the  partition  intervals  on  the 
vertical  axis.  The  partition  intervals  are  five  or  ten  meters 
as  noted  on  the  tables.  The  numbers  in  the  body  of  the  table 
represent  the  number  of  aircraft  observed  in  the  indicated  par¬ 
tition  at  the  indicated  range. 
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Table  E-2 

Nominal  Measured  Distribution  Data 
(PC-ILS-INOM-CTOL-Lateral) * 


5 

£ 


* 

i 

i 


s 


t 

I 

\ 

i 

i 


I 


i 

} 

l 


I 


i 


Range , 
meters 

Number 
of  Samples 

Mean, 

meters 

Standard 

Deviation, 

meters 

600 

273 

0.2525 

8.7127 

1200 

282 

1.9240 

14.0975 

1800 

282 

3.8906 

17.3632 

2400 

285 

2.5271 

23.1017 

3000 

288 

3.5440 

23.7841 

3600 

288 

3.7867 

23.3097 

4200 

290 

5.4440 

27.2086 

4800 

289 

6.2429 

27.8675 

5400 

286 

6.3073 

31.8867 

6000 

287 

6.1269 

31.3588 

6600 

281 

8.22 

37.15 

7500 

274 

8.93 

41.22 

8100 

264 

7.48 

43.69 

8700 

257 

9.34 

47.83 

9300 

248 

9.00 

47.51 

9900 

242 

9.02 

48.76 

10530 

231 

8.02 

50.56 

11100 

211 

8.64 

55.59 

11700 

139 

S.79 

52.66 

12300 

172 

10.79 

51.10 

12900 

152 

10.39 

57.35 

13500 

136 

12.59 

51.77 

14100 

127 

12.76 

58.14 

14700 

109 

13.01 

56,92 

15300 

84 

14.49 

35.25 

15900 

63 

16.68 

6U.12 

Data  Collected  for  rtPevalidat.ion  of  the  Data 
Base  Used  in  Establishing  the  Criteria  for 
Simultaneous  1LS  Approaches  to  Parallel  Runways" r 
DQT-FAA-SRDS  -  Subprogram  No.  150-502 ,  May  1970. 
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Table  E-3  Distribution  at  Lateral  Displacements  for 
FC-ILS-I-CTOL  -  Lateral  (Continued) 
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Table  E-3  Distribution  of  Lateral  Displacements  for 
,  FC-ILS-I-CTOL  -  Lateral  (Continued) 


irtition 

iterval 

Range ,  hundreds 
meters 

141  147  153 

of 

159 

20  to  -79 

8. 

9. 
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Table  E-4 


Mean  and  Standard  Deviation  Versus  Range  for 
FC-ILS-I-CTOL  -  Lateral* 


Range , 
meters 

Number 
of  Samples 

Mean, 

meters 

Standard 

Deviation, 

meters 

600 

513 

-.0161 

11.8943 

1200 

618 

-3.0435 

22.0739 

1800 

633 

-5.2973 

26.4976 

2400 

642 

-6.7594 

31.9236 

3000 

644 

-2.8728 

35..  8871 

3600 

638 

1.6535 

37.7171 

4200 

622 

8.987-8- 

•*43.6031 

4800 

631 

8.3098 

46.9545 

5400 

630 

8.4069 

53.4125 

6000 

.  631 

6.9212 

61.9026 

6600 

629 

2.9729 

68.5199 

7500 

513 

14.46 

75.30 

8100 

500 

11.83 

83.99 

8700 

490 

7.67 

90.20 

9300 

468 

6.37 

93.00 

9900 

447 

4.83 

97.60 

10500 

423 

12.93 

92.45 

11100 

387 

16.36 

91.98 

11700 

342 

17.42 

94.11 

12300 

324 

21.30 

100.43 

12900 

307 

26.29 

96.41 

13500 

283 

28.54 

102.12 

14100 

245 

28.99 

103.63 

14700 

224 

33.03 

103.14 

15300 

181 

27.42 

97.75 

15900 

134 

25.53 

113.84 

♦Charleston  data  is  included  in  the  range  interval  from  1200 
meters  to  6600  meters,  inclusive,  but  not  elsewhere,  since 
the  data  collection  ranges  were  not  coincident  elsewhere. 


Parti  tio.i 
Interval 


Range , 

hundreds  of 

meters 

6*  12*  10*  24  30 

36  42 

48  54 

60 

66 

21  to  -27 
-20 
-19 
-18 
-17. 

-16 

sl 19-  , 

-14  o 
rl3_4 -  0 
-12 
-11 
-10 
o9L 

-e 

r.7 

-6 
-5  .Ll 


c 


—4  8  8*  13*  6.  4*  5 

tl_12._15, _ 15. _ 12. — 15*. — 17* 

-2  31  42.  36,  27.  32.  35 

-1  61  37*...  3**,.  6Q^._  55... — 56 

0  41  39.  26.  50,  53.  51 

_1_  lfc__  2i.„.,35^  -12.  _ 37.-33 
2  21  22.  25.  18.  17.  15 


.  _1  SL.  __17  ._  __24^__2 L 


4 

.5 

6 

1 

8 

_9. 

10 
.  11 
12 

13 

14 
1 

17 

ia 

20 

21  to  23 


C 


0. _ 0 


.  <K 

n 

0, 

0  6 

•  .  0, — 

.0.  . 

-  0.- 

Q.— . 

.  0. 

0. 

0. 

•  _-<!• 

0. 

0*..  _ 

anges  the  partitions  are  at  rive  meter  intervals; 
the  partitions  are  at  ten  meter  intervals, 
ollected  for  "Revalidation  of  the  Data  Base  Used  in 
g  the  Criteria  for  Simultaneous  II.S  Approaches  to 
nways",  DOT-FAA-SRDS  -  Subprogram  No,  150-502,  May  '70 
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Table  E-6 


Mean  and  Standard  Deviation  Versus  Range  for 
FC-ILS-II-CTOL  -  Lateral*’ 


Range , 
meters 

Number 
of  Samples 

Mean, 

meters 

Standard 

Deviation, 

meters 

600 

221 

••0.0491 

8.8117 

1200 

226 

0.5283 

13.4814 

1800 

225 

0.9456 

15.0610 

2400 

226 

-0.0800 

22.9214 

3000 

229 

0.0066 

22.3851 

3600 

229 

0.0801 

19.5490 

4200 

232 

1.6891 

23.5641 

4800 

231 

1.4297 

22.6955 

5400 

228 

-0.1319 

25.0692 

6000 

231 

0.0309 

25.5990 

6600 

224 

1.20 

31.65 

7500 

218 

1.47 

34.53 

8100 

209 

-0.60 

36.99 

8700 

202 

-0,24 

40.78 

9300 

195 

-0.09 

39.98 

9900 

189 

0.16 

40.98 

10500 

179 

-0.34 

41.90 

11100 

161 

-0.10 

50.39 

11700 

143 

-0.4  8 

43.47 

12300 

128 

0.36 

42.77 

12900 

110 

-2.06 

51.03 

13500 

95 

-0.82 

44.00 

14100 

87 

-0.16 

48.24 

14700 

71 

0.35 

42.80 

15300 

57 

-0.04 

48.46 

15900 

41 

2.82 

48.74 

*-,  Data  Collected  for  "Reval.idation  of  the  Data  Base  Used  in 
Establishing  the  Criteria  for  Simultaneous  ILS  Approaches  to 
Parallel  Runways",  QGT-FAA-SRDS  ~  Subprogram  No.  150-502,  May 
1970. 
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Table  E-7 

Distribution  of  Lateral  Displacements  for 
BC-ILS-I-CTOL  -  Lateral 


Partition 

Interval 

12* 

18* 

24 

Range, 
30  36 

hundreds 
42  48 

of 

54 

metex  s 

60  66 

72 

78 

84 

-20  to  -75 

1. 

1. 

0. 

0  e 

i . 

2. 

2. 

3. 

4. 

b. 

4. 

4. 

4. 

-19 

u* 

0. 

0. 

u. 

u  • 

0. 

0. 

0. 

0. 

1. 

0. 

n. 

1. 

-18 

1. 

1. 

u* 

u. 

4 

X  • 

u. 

0. 

0. 

0. 

u. 

1. 

1. 

0. 

—  *»  ** 

A  , 

<1. 

1. 

1. 

0  * 

0. 

0. 

0. 

0. 

2. 

0. 

1. 

-1 

u. 

0  j 

0. 

0. 

1. 

1. 

0. 

0. 

1. 

1. 

-15 

s. 

J  • 

U  0 

0. 

0. 

1. 

0. 

u. 

0* 

1. 

2. 

1. 

-14 

u. 

0  • 

0. 

u. 

u. 

). 

0. 

0. 

0. 

u » 

U. 

0. 

0. 

-13 

l. 

u. 

0. 

l. 

1. 

1. 

0 

0. 

1. 

0. 

2. 

1. 

4. 

-12 

0. 

1. 

n  • 

i. 

u 

1. 

1. 

1  • 

0. 

1. 

3. 

2 . 

2. 

-11 

U. 

1. 

i. 

l. 

u. 

u. 

1. 

u. 

u. 

2. 

1. 

3. 

2. 

-10 

0. 

u. 

i>  • 

l. 

J  t 

0. 

1. 

0. 

0. 

3. 

1. 

1. 

b. 

-9 

1. 

1. 

0. 

0. 

u. 

2. 

0. 

2. 

1. 

3, 

^  I 

b. 

2. 

-8 

u  « 

t'. 

1. 

t 

i  * 

0. 

2. 

2. 

0. 

1. 

2. 

2. 

4. 

-7 

1. 

u. 

1. 

l. 

i. 

0. 

1. 

1. 

5. 

1. 

2. 

2. 

1. 

-6 

u. 

1. 

0. 

l. 

■j  . 

• 

3. 

1. 

2. 

2. 

2. 

1. 

3. 

-5 

2. 

u. 

i. 

2. 

2. 

2. 

1. 

1. 

3  . 

3. 

2. 

0. 

0. 

-4 

1. 

4-  e 

b. 

2* 

1* 

3. 

2. 

1. 

3. 

3. 

2. 

1. 

0. 

-3 

3. 

2. 

0. 

b. 

0. 

7. 

5. 

3. 

5. 

2. 

0. 

4. 

0. 

-2 

9. 

6  • 

0. 

4. 

9. 

5. 

1. 

7. 

3. 

7. 

1. 

3. 

1. 

-1 

1**. 

9. 

9. 

3> 

10. 

4. 

6. 

b. 

4. 

1. 

3 « 

3. 

0. 

0 

9. 

t>« 

13. 

1  i  • 

7. 

b. 

9. 

7. 

b. 

1. 

b. 

4. 

1. 

1 

13. 

/. 

I, 

11. 

9. 

9. 

6. 

7. 

7. 

4, 

4. 

3 

3. 

2 

«5  • 

9. 

15. 

9. 

«. 

/. 

6. 

4. 

5. 

3. 

4. 

1 

2. 

3 

.  2. 

lu  • 

b. 

o. 

b. 

b  • 

3. 

3. 

3. 

4. 

5. 

T 

1. 

4 

i  • 

2. 

*5  • 

1. 

1. 

i. 

5. 

b. 

3. 

4. 

1. 

C.  9 

1. 

5 

u* 

0  • 

9. 

4. 

1. 

2. 

3. 

1. 

0. 

1. 

2. 

1. 

2. 

6 

1. 

u  • 

U. 

U. 

l  • 

2, 

3. 

2. 

2 . 

9. 

u. 

0. 

4. 

7 

1. 

1. 

a  • 

1. 

A 

U  • 

3. 

2. 

2. 

u  • 

1. 

0. 

1. 

0. 

8 

1. 

2. 

0. 

1. 

0. 

2. 

2. 

3  • 

3. 

0. 

0. 

1. 

1. 

9 

0. 

1, 

1. 

U. 

2  . 

0. 

1. 

!. 

1. 

0. 

3. 

1. 

1. 

If 

1. 

u. 

0. 

1. 

1. 

1. 

0. 

2. 

2. 

1. 

2. 

1. 

2. 

11 

u « 

1. 

u. 

li. 

i  • 

0. 

2. 

1. 

0. 

2. 

1. 

1. 

2. 

12 

u. 

5  • 

u. 

0. 

U. 

0. 

0. 

3. 

0. 

1. 

1. 

1 » 

13 

u. 

u. 

1. 

u  * 

J  • 

2. 

0. 

u. 

0. 

1. 

1. 

1. 

1. 

14 

1. 

u  • 

0. 

‘u . 

0. 

U. 

1. 

0. 

1. 

1. 

1. 

1. 

C. 

15 

0. 

0  0 

0. 

u. 

0, 

0. 

2. 

u. 

0. 

1. 

1. 

0. 

0. 

16 

u. 

tl  • 

0. 

u. 

0. 

u. 

0. 

0. 

0. 

0. 

0. 

0, 

i.  * 

17 

0* 

Ur 

1. 

u. 

0. 

U. 

0. 

0. 

0. 

0, 

u. 

1. 

0. 

18 

u. 

u  • 

0. 

u. 

*J  9 

0. 

0. 

0. 

0. 

0. 

u. 

p. 

1. 

19 

b  . 

1. 

u. 

u. 

0  * 

* 

0. 

0. 

0. 

0. 

u. 

n. 

0. 

20  to  50 

0. 

0. 

u. 

1. 

1. 

0. 

0. 

0  © 

u. 

0. 

U. 

2  © 

1. 

*At  these  ranges,  the  partitions  are  at  five  meter  intervals; 
elsewhere,  the  partitions  are  at  ten  meter  intervals. 
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Table  E-7  Distribution  of  Lateral  Displacements  for  BC-ILS-I- 
CTOL  -  Lateral  (Continued) 


Table  E-8 


Mean  ana  Standard  Deviation  Versus  Range  for 
BC-ILS-I-CTOL  -  Lateral 


Range, 

meters 

Number 
of  Samples 

Mean, 

meters 

Standard 

Deviation, 

meters 

1200 

67 

-6.096 

24.795 

1800 

72 

-0.305 

31.733 

2400 

74 

1.829 

45.583 

3000 

90 

-6.706 

53.419 

3600 

99 

-7.925 

55.513 

4200 

104 

-3.048 

54.319 

4800 

109 

-2.438 

63.889 

5400 

108 

-7.620 

74.582 

6000 

105 

-16.459 

90.459 

6600 

68 

-33.528 

127.553 

7200 

64 

-46.330 

140.525 

7800 

61 

-45.720 

149.057 

8400 

58 

-51.207 

153.766 

9000 

53 

-51.207 

166.192 

9600 

52 

-49.073 

171.310 

10200 

45 

-46.939 

181.969 

10800 

40 

-46.025 

187.788 

11400 

32 

-23.470 

187.053 

12000 

27 

-17.678 

204.177 

12600 

24 

-33.223 

220.563 

13200 

15 

-56.998 

248.233 

13800 

11 

-115.215 

247.142 

14400 

9 

-83.820 

214.080 

15000 

5 

-85.344 

117.117 

15600 

3 

-74.981 

62.179 

16200 

1 

-10.058 

- 

Table  E-9 


Mean*  and  Standard  Deviation  Versus  Range  for  VOR-CTOL  -  Lateral 


Range , 
meters 

Number 

of 

Samples 

Standard 

Deviation, 

meters 

3000 

44 

51.408 

3600 

59 

69.309 

4200 

87 

71.22C 

4800 

88 

78.925 

5400 

88 

85.960 

6000 

88 

93.400 

6600 

87 

83.336 

7200 

86 

93.412 

7800 

78 

103.730 

8400 

78 

111.417 

9000 

78 

117.696 

9600 

76 

124.331 

10200 

73 

130.631 

10800 

68 

138.889 

11400 

63 

153.312 

12000 

38 

170.402 

12600 

37 

190.436 

13200 

36 

204.329 

13800 

34 

211.745 

14400 

34 

225.897 

15000 

27 

259.081 

15600 

27 

260.745 

16200 

27 

312.198 

-  . .  — > 

*Mean  =  0  for  all  range  intervals. 
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Table  E-10 


Mean  and  Standard  Deviation  Versus  Range  for 
FC-ILS-I-STOL  -  Lateral* 


Range , 
meters 

Mean, 

meters 

Standard  Deviation, 
meters 

600 

-4.5720 

23.4696 

909 

-6.0960 

26.5177 

1200 

-7.6200 

30.1753 

1500 

-10.6680 

34.4425 

1800 

-12.1920 

38.4049 

2100 

-13.7160 

43.2817 

2400 

-16.7641 

48.7681 

2700 

-19.8121 

52.1209 

3000 

-16.7641 

59.4361 

3600 

3.0480 

78.6386 

STOL  Steep  Approaches  in  the  Breguet  941",  Memorandum 
t  -  Attachment  1,  DOT-FAA,  FS-640,  November  1969. 
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I  Table  E-ll 

I 

5  Mean  and  Standard  Deviation  Versus  Range  for 

!  FC-ILS-IwCTOL  -  Vertical* 


Range, 

meters 

Nu  .iber 
of  Samples 

Mean, 

meters 

Standard 

Deviation, 

meters 

600 

409 

-3.4855 

8.4295 

1200 

458 

-1.6974 

10.4520 

1800 

508 

-0.4770 

12.8971 

2400 

519 

-0.1967 

13.0635 

3000 

515 

“0 .6443 

14.52*  7 

3600 

507 

-1.6859 

12.915.. 

*-,  Data  Collected  for  "Revalidation  of  the  Data  Base  Used  in 
Establishing  the  Criteria  for  Simultaneous  ILS  Approaches  to 
Parallel  Runways",  DOT-FAA-SRDS  -  Subprogram  No.  150-502,  May 
1970. 
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Table  E-12 


Mean  and  Standard  Deviation  Versus  Range  for 
FC-ILS-I-STOL  ~  Vertical*  • 


Range , 
meters 

Mean, 

meters 

Standard 

Deviation, 

meters 

600 

-6.0960 

8.5344 

900 

-6.0960 

10.0584 

1200 

-6.0960 

12.1920  ' 

1500 

-6.0960 

14.3256 

1800 

-6.0960 

17.6784 

2100 

-6.0960 

20.4216 

2400 

-9.1440 

22.8600 

2700 

-10.6680 

26.8225 

3000 

-13.7160 

27.4321 

3600 

-'’■2.0041 

28.3465 

* 

-,  "Ground  Noise  Measurements  During  Landing  and  Take-off 
Operations  of  a  MoDonnell-Douglas  188  (Breguet  941)  STOL 
•Airplane",  Langley  Working  Paper,  LWP-741,  18  April  1969. 
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Table  E-I3 


FOILS-I-CTOL  -  Longitudinal 


Assumed  gaussian: 


Xs  =  N{X',ax,  } 


X  '  ~  Vt 
O  ! 


where 


/z  ■ 


~  longitudinal  location,  feet 
-  mean  longitudinal  location,  feet 
~  longitudinal  location  standard  deviation,  feet 


~  initial  longitudinal  location,  feet 

~  aircraft  mean  velocity,  feet/second  {assumed  to  be 
236.444  feet/second  for  CTOL  aircraft) 

-  velocity  distribution  standard  deviation  feet/second 
(assumed  to  be  8.444  feet/second) 


time  from  the  point  where  the  aircraft  velocity 
control  is  initiated,  seconds 
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APPENDIX  F 


SENSITIVITY  ANALYSIS 

The  purpose  of  the  sensitivity  analysis  is  to  iden¬ 
tify  the  effects  of  selected  pertinent  model  parameters  and 
model  errors  on  the  lateral  distribution  of  the  approach  system. 
The  sensitivity  analysis  was  performed  by  utilizing  the  nominal 
approach  system  model  defined  in  the  Lateral  Separation  Study, 
with  specific  initial  conditions,  as  the  reference  condition. 
Each  of  the  pertinent  parameters  and  errors  of  the  nominal  sys¬ 
tem  model  was  varied  about  its  reference  value,  and  the  result¬ 
ing  sensitivity  coefficient  of  the  lateral  deviation  or  lateral 
distribution  standard  deviation  was  calculated  at  various  points 
in  range.  A  sensitivity  coefficient  ,  S^,  identifies  the  amount 
that  the  variable,  X,  changes  from  the  reference  condition  due 
to  a  small  change  in  the  parameter,  P. 

X  =  AX 
P  AP 

The  sensitivity  coefficients  for  each  parameter  and 
error  were  calculated  and  plotted  at  common  points  in  range. 

The  resulting  parameter  and  error  sensitivity  curves  are  pre- 
•sented  in  this  appendix.  It  should  be  noted  that  the  sensitiv¬ 
ity  data  is  only  valid  for  small  variations  about  the  reference 
condition. 

The  parameter  sensitivity  curves  (Figures  F-l 
through  F-10)  illustrate  the  sensitivity  of  the  lateral  devia¬ 
tion  to  each  of  the  pertinent  parameters  (Table  F-l)  as  a  func¬ 
tion  of  range  and  time.  The  reference  condition  is  defined  by 
the  nominal  model  with  all  initial  conditions  equal  to  zero 
except' as  follows: 

Y^  =  500  ft.  (arbitrary  initial  lateral  deviation) 

=  13.53  NMi  (arbitrary  initial  range) 

4>  =  3.14159  rad.  (runway  arbitrarily  chosen  to  be  equal 

to  180°) 

The  error  sensitivity  curves  (Figures  F-ll  through 
F-14)  illustrate  the  sensitivity  of  t.he  lateral  distribution 


standard  deviation  to  the  standard  deviation  changes  to  each  of 
the  pertinent  system  errors  (Table  F-2)  as  a  function  of  range 
and  time.  The  reference  condition  is  defined  by  the  nominal 
model  with  the  initial  state  distributions  given  in  Table  F-3. 


Table  F~1  Sensitivity  Analysis  Parameters 


s 

! 


Symbol 

Reference 

Value 

Units 

Description 

V 

236.4444 

ft/sec 

Aircraft  airspeed 

K  (angular) 
e 

4.6 

rad/rad 

Pilot  tracking  gain 
on  the  angular 
localizer  error 

K, 

1.0 

rad/rad 

Pilot  gain  on  heading 
angle  error 

K. 

1.9 

rad/rad 

Pilot  gain  on  heading 
angle  feedback 

K. 

1.333 

sec 

Pilot  gain  on  the 
bank  angle  divided  by 

aA 

•K 

a 

1,0 

2 

1/sec 

Aircraft  bank  rate  to 
aileron  response  gain 
multiplied  by 

a  • 
a 

IcO 

1/sec 

Inverse  of  the  air¬ 
craft  bank  rate  to 
aileron  response  time 
constant 

a4> 

1.5 

l^sec 

Inverse  of  the  pilot 
lead  time  constant  on 
bank  angle  feedback 

T 

P 

0.7 

sec 

Pilot/control  delay 

L 


9000.0 


ft 


-X  coordinate  of  the 
lateral  guidance 
transmitting  antenna 


Table  F-2  Sensitivity  Analysis  Errors 


Symbol 

Reference 
Value  (Rad.) 

Description 

\ 

.01745 

Pilot  heading  angle  error  distribu¬ 
tion  standard  deviation 

\ 

.1047  @  9NMi 
.0436  @  ONMi 

Pilot  bank  angle  error  distribution 
standard  deviation 

aiLs0 

R 

.00048 

ILS  equipment  receiver  error  dis¬ 
tribution  standard  deviation 

°ILSI11 

T 

.001497 

ILS  equipment  transmitter  error 
distribution  standard  deviation 

°N 

e 

.00349 

Pilot  localizer  tracking  error 
(final  leg)  distribution  standard 
deviation 

.02 

Initial  condition  on  heading  state 
distribution  standard  deviation 

Table  F~3 

Nominal  Model  Initial  State  Distributions  (at  =  9NMi) 


State 

Symbol 

a* 

CniEs 

‘  Comments 

xi 

o 

¥' 

o 

198 

feet 

Lateral  Deviation 

X2  ' 
o 

*o 

.02 

radians 

Heading  Angle 

xi 

o 

*o 

.01 

radians 

Bank  Angle 

X4 

o 

IS 

.12 

Intermediate  State 

X5 

o 

IS 

.26 

Intermediate  State 

X6 

_ a_ 

IS 

.54 

■■  ■  - — 

Intermediate  State 

2 

’‘Assumed  Gaussian  with  mean  =  0.  variance  =  a 
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APPENDIX  G 

APPROACH  SYSTEM  MODELS 

The  approach  system  models,  shown  in  this  appendix, 
were  developed  in  the  runway  lateral  separation  study  to  aid  in 
the  determination  of  minimum  runway  spacing  criteria.  This  ap¬ 
pendix  contains  models  for  the  approach  systems  listed  in  Table 
G-l.  The  models  represent  a  composite  set  of  aircraft  flying 
the  final  leg  of  an  instrument  approach  under  IFR  conditions. 

General  System  Model 

Figure  G-l  contains  the  major  components  in  the 
model  structure:  pilot,  course  deviation  indicator,  and  ground 
controller. 

List  of  Symbols 

All  symbols  used  in  the  various  models,  their  units, 
and  a  brief  description  of  each  are  listed  in  Table  G-2.  The 
dot  notation  over  a  variable  indicates  the  time  derivative  of 
that  variable.  A  zero  subscript  indicates  the  initial  condition. 

Assumptions 

Runway  lateral  separation  requirements,  as  defined 
in  this  study,  are  based  upon  the  following  assumptions: 

1)  the  system's  lateral  and  vertical  tx  'king 
dynamics  are  independent,  and 

2)  the  aircraft  remains  in  the  glideslope  plane. 
These  assumptions  result  in  a  study  reflecting  the  "worst  case" 
possibility.  Thus,  the  system  models  simulate  lateral  control 
only. 

The  aircraft  are  assumed  to  perform  coordinated 
turns  in  the  glideslope  plane  in  order  to  nullify  any  lateral 
displacement  error.  This  assumption  simplifies  the  aircraft 
dynamics  equations. 

Coordinate  Systems 

Three  coordinate  systems  are  used  in  the  models. 
These  systems  are  a  runway  system,  a  glideslope  system,  and  an 
aircraft  body  centered  system.  The  three  systems  and  their 
relationships  to  one  another  are  shown  in  Figure  G-2. 

The  runway  system  is  identified  by  the  X,  Y,  Z  axes. 
The  axes  have  their  origin  at  the  touchdown  point  for  approaches 


G-l 
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and  the  liftoff  point  for  departures.  The  touchdown  point  for 
an  approach  is  defined  as  the  point  on  the  runway  at  which  an 
aircraft  on  an  ideal  track  would  first  touch  the  runway  (i.e., 
for  FC-ILS,  it  would  be  the  glideslope  intercept  point) .  For  a 
departure,  the  liftoff  point  is  defined  as  the  point  an  aircraft 
would  lift  off  the  runway  for  an  ideal  departure.  The  X  axis  is 
defined  positive  out  along  the  runway  centerline,  the  Z  axis  is 
positive  up  along  the  earth's  gravitational  vector,  and  the  Y 
axis  completes  the  right-handed  system. 

The  glideslope  system  is  identified  by  the  X',  Y’, 
and  Z'  axes.  The  axes  also  have  their  origin  at  the  touchdown 
or  liftoff  point.  The  X'  axis  is  defined  positive  out  along  an 
ideal  track.  For  a  FC-ILS  approach,  the  X'  axis  is  defined  as 
being  along  the  intersection  of  the  ILS  localizer  and  glideslope 
beams.  For  a  FC-ILS  departure,  the  X'  axis  is  defined  similarly, 
assuming  a  glideslope  equivalent  beam  exists  with  its  intercept 
point  coincident  with  the  liftoff  point  and  extending  along  the 
departure  path.  The  Y'  axis  is  coincident  with  the  -Y  axis,  and 
the  Z'  axis  completes  the  right-handed  system. 

The  body  centered  system  is  identified  by  the  x,  y, 
and  z  axes  and  has  its  origin  at  the  aircraft  center-of-gravity . 
.The  x  axis  is  defined  positive  forward  along  the  aircraft  fuse¬ 
lage  centerline,  the  y  axis  is  positive  out  along  the  starboard 
wing,  and  the  z  axis  completes  the  right-handed  system. 

Approach  System  Model  Block  Diagrams,  Parameter  Values  and 
Initial  Distributions 

The  models  for  the  approach  systems  in  Table  G-l  are 
represented  by  the  following  block  diagrams: 

1)  Approach  System  Model  (Figure  G-3) 

2)  Nonlinear  Simulated  Delay  Approach  System  Model 
(Figure  G-4 ) 

3)  Linear  Simulated  Delay  Approach  System  Model 
(Figure  G-5) 

These  three  block  diagrams  were  developed  1  use  in  the  vari¬ 
ous  analyses  required  in  the  lateral  separav  >n  study.  The 
simulated  delay  included  in  (2)  and  (3)  above  is  implemented 
with  the  following  equations. 

t  =  actual  delay,  seconds 
P 
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The  model  parameter  values  and  initial  distributions  for  each  of 
the  approach  systems  are  presented  in  Tables  G-3  through  G-14. 


G-3 


Figure  G-3  Approach  System  Model 


Nonlinear,  Simulated  Delay  Approach  System  Model 


it,rw-n.w„ 


Figure  G- 5  Linear,  Simulated  Delay  Approach  System  Model 


Table  G-l  Approach  Systems 


Designation 

Primary 

User  Class 

Runway 

Type 

,  Approach  Guidance 
System 

FC- ILS-INOM-CTOL . 

CTOL 

Category  I 

CTOL 

i 

Front  Course,  ILS 
Category  I 

1 

FC-ILS-I-  CTOL 

CTOL 

Category  11 

i 

CTOL  • 

Front  Course,  ILS 
Category  I 

'  1 

FC-ILS-II-CTOL 

CTOL 

Category  II 

CTOL 

Front  Course,  ILS, 
Category  I I  . 

BC-ILS-I-CTOL 

i 

CTOL 

Category  I 

CTOL 

Back  Course,  ILS, 
Category  I 

VOR-CTOL 

1 

CTOL 

'Category  I 

i 

CTOL' 

VOR  {tracking  in¬ 
bound  to  a  station 
within  the  airport 
boundary) 

X 

FC-ILS-I-STOL 

STOL 

Category  I 

STOL 

Front  Course,'  ILS, 
Category  I 

Table  G-2  List  of  Symbols 


Symbol 

Units 

Description 

aa 

1/sec 

Inverse  of  the  aircraft  bank 
rate  to  aileron  response 
time  constant 

an 

Pi 

aP2 

aP3 

aP4 

a 

P5  J 

1  Coefficients  used  in  the 

simulated  pilot/control  delav 

a* 

1/sec 

Inverse  of  the  pilot  lead  time 
constant  on  bank  angle  feedback 

Ka 

l/sec^ 

Aircraft  bank  rate  to  aileron 
response  gain  multiplied  by  aa 

K 

p 

rad/rad 

Pilot  gain  on  simulated  delay 

K  (angular) 

Ee 

rad/rad 

! 

Pilot  tracking  gain  on  the 
angular  localizer  error 

K'  (displacement) 
ce 

rad/ft 

Pilot  tracking  gain  on  the 
displacement  error  from  the 
localizer  beam 

K* 

K* 

sec 

rad/rad 

Pilot. gain  on  the  bank  angle 
divided  by 

Pilot  gain  on  heading  angle 
feedback 

rad/rad 


Pilot  gain  on  heading  angle 
error 


-X  coordinate  of  the  lateral 
guidance  transmitting 
antenna 


N 


rad 


lateral  guidance  equipment 
ireceiver  noise 


N„ 


fad 


Lateral  guidance  equipment 
transmitter  noise 


Table  G-2  List  of  Symbols  (Continued) 


Symbol 

Units 

Description 

Ny! 

ft 

Pilot  lateral  tracking  error 
(base  leg) 

n 

rad 

Pilot  localizer  tracking 

error  (final  leg) 

N. 

4> 

rad 

Pilot  bank  angle  error 

N, 

'I' 

rad 

Pilot  heading  angle  error 

V 

ft/sec 

Aircraft  airspeed 

M 

V 

l 

ft/sec 

Aircraft  velocity  along  the 
glideslope  coordinate  system 

V  j 

x ) 

y 

ft 

Aircraft  body  centered 

Z  1 

coordinate  system 

x ) 

Y 

ft 

Runway  coordinate  system 

Z  } 

*"  1  *“  *■  »■  r 

ft 

Glideslope  coordinate  system 

z' ) 

Y’ 

ft 

Desi::ed  location  of  the 

d 

aitcraft  in  the  glideslope 
axis  system 

G-10 
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Symbol 


Units 


WR&!££&*  ^s irs 1 


,  >T,  <j:*wy?«y»  wm*v 


^W»l»*|8y«^tW*»<H,tWi| 


♦ 

% 


4 


t 


Table  G-3  Model  Parameter  Values  for  FC-ILS-INOM-CTOL 


Symbol 

Value 

Units 

Comments 

a 

1.0 

-1 

sec 

a 

a 

.04 

_ 

Simulated  delay  models 

P1 

a 

-.35 

Simulated  delay  models 

P2 

a 

.04 

Simulated  delay  models 

P3 

a 

.35 

Simulated  delay  models 

P4 

a 

.007 

_ 

Simulated  delay  models 

P5 

a 

1.5 

-1 

sec 

■? 

K 

a 

1.0 

-2 

sec 

K 

P  ' 

1.0 

- 

Simulated  delay  models 

K 

e 

4.8 

- 

Nonlinear  models 

e 

K' 

.000075  at 

rad 

Linear  model 

e 

9  NMi  to 

ft 

K 

e 

K» 

.000354  at 
.■75  NMi 

1.33 

sec 

K» 

e  X’+L 

e 

K. 

«P 

1.9 

K, 

1 

«• 

^e 

Symbol 


Value 


Units 


Comments 


L 

9000. 

feet 

nr 

+.00048 

rad 

White  gaussian  noise 
la  value 

nt 

+.001497 

rad 

White  gauss; ian  noise 
la  value 

N 

e 

±.00349 

rad 

White  gaussian  noise 
la  value 

N. 

4> 

±.1047  at  9 
NMi ;  ±.0436 
at  0  NMi 

rad 

White  gaussian  noise 
la  value  (Varies  linearily 
with  range) 

N, 

±.01745 

rad 

White  gaussian  noise 
la  value 

V 

236.4 

ft/sec 

140  knots 

Y 

2.5 

deg 

0 

0. 

rad 

Assumed 

o  . 

T 

.7 

sec 

P 

d> 

.367 

rad 

LIM 

• 

<6 

VLIM 

.1745 

rad/sec 

10  deg/sec 

• 

VLIM 

.0524 

rad/sec 

3  deg/sec 

ib 

3.1416 

rad 

Arbitrary  heading  for  an 
approach 

Table  G-5  Model  Parameter  Values  for  FC-lLS-I-CTOb 


Symbol 

Value 

Units 

Comments 

a 

a 

1.0 

-1 

sec 

a 

P1 

.04 

i 

i 

Sim elated  delay  models 

ap 

f2 

-.35 

Simulated  delay  model  <= 

a 

P3  • 

.04 

i  - 

Simulated  delay  models 

a 

P4 

.35 

,  - 

Simulated  delay  models 

a 

P5 

.  .007 

i 

_  1 

Simulated  delay  models 

•  <P 

1.5 

-1 

sec 

1 

K 

u 

1.0 

-2 

sec 

Simulated  delay  models 

K  • 

P 

1.0 

~  1 

Simulated  delay  models 

1 

K 

e 

e 

3.0 

- 

Nonlinear  models 

K’  ' 
e 

e 

.000047  at 
9  tlMi  to 
.000221  at 
.75  NMi 

rad 

ft 

Linear  model 

K 

e  • 

»  e 

e  X‘+L 

e 

:K* 

1.33 

sec 

>K* 

1.9 

i 

; 

K. 

*e 

1.0  ■ 

- 

Table  G-5  Model  Parameter  Value*;  cor  FC-ILS-I-CT^L  'Continued} 


Symbol 

Value 

- — - 

Units 

Comments 

L 

9O0O. 

feet 

nr 

±.00048 

rad 

White  gaussian  noise 
la  value 

"t 

±.001745 

rad 

White  gaussian  noise 
la  value 

N 

e 

±*00349 

• 

rad 

White  gaussian  noise 
la  value 

"♦ 

±.1169  at  9 
NMi;  ±.0218 
at  0  !JMi 

rad 

White  gaussian  noise 
lo  value  (Varies  linearily 
with  range) 

N, 

±.01745 

rad 

White  gaussian  noise 
la  value 

y 

236.4 

ft/sec 

140  knots 

Y 

2.5 

deg 

e 

o  . 

0. 

rad 

Assumed 

T 

P 

.7 

sec 

<f> 

VLIM 

.367 

rad 

• 

d) 

yLIM 

.1745 

rad/sec 

10  deg/sec 

* 

^LIM 

.0524 

rad/sec 

3  deg/sec 

*R 

3.1416 

rad 

Arbitrary  heading  for  an 
approach 

Table  G-6 


Initial  Distributions  for  FOILS- I-CTOL  (at  X'  *= 

o 


Symbol 

Distribution 

a 

Units 

Y' 

Modified 

348. 

feet 

o 

Burgerhout 

<l» 

Gaussian 

.02 

radians 

o 

<J> 

Gaussian 

.01 

radians 

o 

Mean  =  0 


f 

I 


•  Table  G-"  :todel  Parameter  Values  for  FC-IiiS-II-CTOL 


5  I 


Symbol _ Value _ Units 


Comments 


-.35 


S—.Aulated  delay  models 


Simulated  delay  mod -■  1  ■=• 


Simulated  delay  models 


Simulated  delay  models 


Simulated  delay  mod- Is 


Simulated  delay  models 


Simulated  delay  mode' Is 


Nonlinear  models 


.0^01/5  at 
9  N’ti  to 
.  00^354  at 
.75  N'li 


Linear  i.iodu;l 
K 


e  X’  +L 
e 


1.33 


G-li> 


Table  G-7  Model  Parameter  Values  for  FC-ILS-II-CTOL  (Continued) 


Value 

Units 

Comments 

L 

9000. 

feet 

"r 

±.00048 

rad 

White  gaussian  noise 
la  value 

nt 

±.001248 

rad 

White  aanssian  noise 
la  value 

N 

e 

±.00349 

rad 

White  gaussian  noise 
la  value 

±.1034  at 

9  NMi ;± .  028C 
at  0  NMi 

rad 

White  gaussian  noise 
la  value  (Varies  linear ily 
with  range) 

N* 

±.01745 

rad 

White  gaussian  noise 
la  value 

.V 

236.4 

ft/sec 

140  knots 

y 

2.^ 

deg 

e 

o- 

0. 

rad 

Assumed 

T 

P 

.7 

sec 

d) 

yLIM 

.367 

rad 

• 

d> 

yLIM 

.1745 

rad/sec 

10  deg/sec 

• 

lit 

VLIM 

.0524 

rad/sec 

3  deg/sec 

ill 

VR 

3.1416 

rad 

Arbitrary  heading  for  an 
approach 

wjuurcc 


initial  Distributions  for  fc-ils-ii-ctol  (at  X'  =  5.34N 

o 


Symbol 

Distribution 

\ 

a 

Units 

Y' 

Modified 

135. 

feet 

o 

Burgerhout 

.  1 

*o 

Gaussian 

.02 

radians 

*o 

Gaussian 

.01 

radians 

Mean  =  0 
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Table  G-9  Model  Pai  are ter  Values  for  BC-ILS-i-ctql  'Continued) 


Symbol 

Value 

Units 

Conments 

L 

-1000. 

feet 

•V 

±.00048 

rad 

White  gaussian  noise 
la  value 

nt 

±.001745 

rad 

White  craussian  noi0® 
la  value 

N 

e 

±.00349 

rad 

White  gaussian  noise 
lo  value 

N* 

±.1034;  9  NMi 

rad 

White  gaussian  noise 

±.0279;  0  NMi 

la  value  (Varies  linearily 
with  range) 

N* 

±.01745 

rad 

White  gaussian  noise 
lo  value 

.V 

236.4 

ft/sec 

140  knots 

Y 

2.5 

deg 

0 

0. 

rad 

Assumed 

o. 

T 

.7 

sec 

P 

.367 

rad 

LlM 

^LIM 

.1745 

rad/sec 

10  deg/sec 

^LIM 

.0524 

rad/sec 

3  deg/sec 

Vr 

3.1416 

rad 

Arbitrary  heading  for  an 
approach 

Symbol 


Distribution 


•’odi^iert 

Burgerhout 

Gaussian 


Gaussian 


Value 


Units 


Comments 


a 

a 

1.0 

-1 

sec 

a 

P1 

.04 

- 

Simulated  delay  models 

a 

P2 

-.35 

— 

Simulated  dexey  models 

a 

P3 

.04 

- 

Simulated  delay  mod*-'1'' 

a 

P4 

.35 

- 

Simulated  delay  models 

a 

P5 

.007 

- 

Simulated  delay  models 

.% 

1.5 

sec*** 

K 

a 

1.0 

-2 

sec 

K  • 

P 

1.0 

- 

Simulated  delay  models 

K 

e 

e 

3.0 

- 

Nonlinear  models 

k' 

.000047  at 

rad 

Linear  model 

e 

9NMi  to 

ft 

K 

.000221  at 
. 7  5NMi 

k’  =  6 

e  X'+L 

e 

-B- 

X 

1.33 

sec 

K. 

1.9 

- 

K, 

1.0 

Table  G-ll  Model  Parameter  Values  for  VOR-CTOL  (Continued) 


Symbol 

Value 

- - 

Units 

Comments 

L 

4000. 

feet 

N 

R 

±.02155 

rad 

White  gaussian  noise 
la  value 

N 

T 

±  02182 

rsd 

White  gaussian  noise 
la  value 

N 

e 

±.00349 

rad 

White  gaussian  noise 
la  value 

"♦ 

±.1034  at  9 
NMi  to 
.0279  at  0 
NMi 

rad 

White  gaussian  noise 
la  value  (Varies  linearily 
with  range) 

% 

±.01745 

rad 

White  gaussian  noise 
lo  value 

.V 

236.4 

ft/sec 

140  knots 

y 

2.5 

deg 

0 

o- 

0. 

rad 

Assumed 

T 

P 

.7 

sec 

d> 

tlim 

.367 

rad 

• 

A 

hlim 

.1745 

rad/sec 

10  deg/sec 

• 

ill 

yLIM 

.0524 

rad/sec 

3  deg/sec 

ill 

3.1416 

rad 

Arbitrary  heading  for  an 
approach 

Table  G-12 

Initial  Distributions  for  VOR-CTOL  (at  X*  =  6NMi) 

o 


Symbol 

Distribution 

a 

Units 

Y' 

Modified 

546. 

feet 

o 

Burgerhout 

<!> 

1 

Gaussian 

.02 

radians 

c 

Gaussian 

.01 

radians 

Table  G-13  Model  Parameter  Values  for  FC-ILS-I- 


STOL 


Symbol 


Value  Units 


Comments 


1.66' 


Simulated  delay  models 


-<  35 


Simulated  delay  mo  i;,]  = 


Simulated  delay  model; 


Simulated  delay  models 


.007 


Simulated  delay  models 


1.667 


Simulated  delay  models 


Nonlinear  models 


.000075  at 
0  NMi  to 
.000354  at 
.75  NMi 


Linear  model 
K 

c 

K'  = 
e  x'+L 
e 


1.33 


1.0 


Table  G-13  Model  Parameter  Values  for  FC-ILS-I-STOL  (Continued) 


Value 

Units 

Comments 

L 

9000. 

feet 

"r 

±.00048 

rad 

White  gaussian  noise 
la  value 

nt 

±.001745 

rad 

White  gaussian  noise 
la  value 

N 

e. 

± ,00349 

rad 

White  gaussian  noise 
la  value 

±.1047  at  2 
NMi;  ±.07625 
at  0  HMi 

rad 

White  gaussian  noise 
la  value  (Varies  linearily 
with  range) 

±.01745 

rad 

White  gaussian  noise 
la  value 

.V 

108.089 

ft/sec 

64  knots 

Y 

7.5 

deg 

e 

0. 

rad 

Assumed 

o- 

T 

.7 

sec 

P 

d> 

.367 

rad 

LIM 

• 

^LIM 

.1745 

rad/sec 

10  deg/sec 

* 

VLIM 

.0524 

rad/sec 

3  deg/sec 

VR 

3.1416 

rad 

Arbitrary  heading  for  an 
approach 

Table  G-14 


Initial  n'i 


stn-mtions  FC-ILS-I-BTOL  (at  X'  -  ?NMi  ) 

r>  *  ' 


APPENDIX  H 


PROBABILITY  DENSITY  FUNCTION  DATA 
AND  NORMAL  OPERATING  ZONE  DATA 

Probability  density  functions  obtained  using  the 
techniques  described  in  the  Lateral  Separation  Study  are 
presented  in  this  appendix  for  the  systems  listed  in  Table  H-l. 
The  PDF’s  are  used  for  determining  the  probability  of  colli¬ 
sion  data  necessary  in  the  determination  of  minimum  runway 
spacings.  Table  H-l  indicates  the  figure  numbers  for  the 
PDF's  selectable  Dy  dimension/  approach  system, and  range.  The 
lateral  PDF's  are  generated  by  the  Fokker-Planck  equation  and 
the  vertical, and  longitudinal  PDF's  are  gaussian  fits  to  the 
measured. and  assumed  distribution  data,  respectively.  The 
axes  for  all  the  figures  were  made  as  compatible  as  possible 
so  that  direct  comparisons  of  the  relative  shape  of  the  PDF'S 
could  be  made. 

Normal  operating  zone  data  is  provided  for  the 
approach  systems  listed  in  Table  H-l  and  for  STOL  runways  skewed 
with  respect  to  the  adjacent  CTOL  runway.  Figures  H-25  through 
H-29  present  the  NOZ's  for  the  five  lateral  approach  systems 
listed  in  Table  H-l.  The  five  NOZ's  are  to  scale  and,  therefore, 
may  be  compared  directly.  Table  H-2  is  a  list  of  the  NOZ's  at 
the  minimum  distance  between  the  CTOL  runway  and  the  STOL 
departure  path  for  skew  angles  between  10°  and  90°  in  10° 
increments . 


H-l 


Table  H-l  PDF  Cases 


M  cbjA; «i Y«.‘tiJ*N=S£!K3‘ —  , ..a ■>!»..  ■  ■.'.» t  >m. a ..v  -  ^fcA<ia».tojAMaMltfept^..  •-.»  *.„..■:*** 


Peal:  at  57.1  x  10 


Y  -  feet 

: inure  H-6  Lateral  PDF  for  FC-ILS-II-CTOL  at  TVo  NMi  from 
Toucr*  ilo'-’n 


h-b 


.>«s . 


\ 


p(Y) 


-1000  -800  -600  -400  -i00 ~  o  200  400  600  800  1000 

Y  ~  feet 

Figure  H-8  Lateral  for  BC-ILS-I-CTOL  at  Four  NMi  from 

Toucndown 
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Y  ~  feet 


Figure  H-13  Lateral  PDF  for  FC-ILS-I-STOL  at  2  NMi  from 
Touchdown 


H-15 


-300  -250  -200  -150  -100  -50  0  50  100  150  200  '  250  300- 

Z  feet 

Figure  H-17  Vertical  PDF  for  FC-ILS-I-CTOL  at  1.5  NMi  from 
Touchdown 


Figure  H-18  Vertical,  PDF  for  FOILS- I-CTOL  at  .75  NMi  from 
•  Touchdown 
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H-20 


-300  -250  -200  -150  -100  -50  0  50  100  150  200  250  300 

Z  ■*  feet 

Figure  H-19  Vertical  PDF  for  FC-ILS-I-STOL  at  Two  NMi  from 
Touchdown 
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-300  -250  -200  -150  -300  -50  0 

Z  *•  feet 

Figure  H-21  Vertical  PDF  for  FC-ILS-I-STOL  at  .75  NMi 
from  Touchdown 
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p  (X) 


X  ~  feet 


Finure  H-22  Lonqitudinal  PDF  for  FC-ILS-I-CTOL  at  Six  NMi 
from  Touchdown 
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3 
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R' 

NOZ  (68%) 
feet 


2or' 

NOZ  (95%) 
feet 


91.35 

182.70 

89.24 

178.48 

93.04 

186.08 

110.55 

221.10 

144.24 

288.48 

191.33 

382.66 

248.07 

496.14 

311.33 

622.66 

378.46 

756.92 

W2NDIX  I 


PROBABILITY  OF  COLLISION  DATA 

Probability  of  collision  results  obtained  in.  the 
Lateral  Separation  Study  are  presented  in  tabular  form  in  this 
appendix.  These  results  represent  a  primary  output  of  the  Lateral 
Separation  Study  and  constitute  a  portion  of  the  information 
necessary  to  determine  a  minimum  allowable  spacing  between 
parallel  runways  for  aircraft  operating  under  IFR  condition. 
Probability  of  collision  data  for  CTOL/CTOL,  CTOL/STOL,  and 
STOL/STOL  aircraft  and  runway  configurations  are  presented  in 
tabular  form  and  include  probability  of  collision  results 
obtained  in  the  Lateral  Separation  Study  for  all  cases  cited  in 
Figure  1-1.  Table  1-1  is  a  guide  to  the  probability  of  colli¬ 
sion  tables  contained  in  this  appendix.  Zero  values  shown  in 
the  tables  for  each  particular  case  denote  probability  of  col¬ 
lision  values  which  were  smaller  than  the  computational  errors 
associated  with  a  digital  computer. 


1-1 

.  t 


Gases  Considered  in  Probability  of  Collision  Analysis 


Table  1-1  Guide  to  Probability  of  Collision  Tables 


Aircraft  and 
Runway 

Configuration 


Operation 


Approach 


Table 


Comments 


CTOL/CTOL 


Independent 

Dependent 


CTOL/STOL 


Independent 


FC/FC 

1-2 

FC/VOR 

1-3 

FC/BC 

1-4 

FC/FC 

1-5 

Longitudinal 
Spacing  of 

Three  NMi 

1-6 

Longitudinal 
Spacing  of 

Two  NMi 

1-7 

Longitudinal 
Spacing  of 

One  NMi 

1-8 

Longitudinal 
Spacing  of 
One-Fourth  NMi 

FC/FC 


1-9 


1-10 


No  Threshold 
Displacement 

3000  foot 
Threshold 
Displacement 


STOL/STOL 


Independent 


FC/FC 


1-11 


Table  1-2 


CTOL/CTOL  Probability  of  Collision  Data  for 
FC/FC  Independent  Operations 


Runway 

Separation, 

feet 

Range  from 
Threshold, 
nmi. 

Probability 

of 

Collision 

1500 

6 

.68 

i<f2 

4 

.75 

io"3 

2 

.50 

10-5 

2000 

6 

.11 

10~2 

4 

.54 

10-" 

2 

.16 

10-7 

2500 

6 

.17 

10~° 

4 

.28 

10'5 

2 

.38 

J-* 

o 

1 

M 

O 

3000 

6 

.22 

10-4 

4 

.95 

10'7 

2 

.30 

10'13 

3500 

6 

.23 

10-5 

4 

.37 

!0-8 

2 

.13 

io-16 

4300 

6 

.57 

io-7 

4 

.65 

io-11 

2 

.16 

io'22 

5000 

6 

.17 

io-8 

4 

.16 

io-13 

2 

.20 

io-28 

♦ 


% 


1-4 


Table  1-3 

CTOL/CTOL  Probability  of  Collision  Data  for 
FC/VOR  Independent  Operations 


Runway 

Separation, 

feet 

Range  from 
Threshold, 
nmi. 

Probability 

of 

Collision 

1500 

6 

.18 

io"1 

4 

.29 

l<f2 

2 

.16 

io”4 

2000 

6 

.49 

10~2 

4 

.27 

IO'3 

2 

.82 

l<f7 

2500 

6 

.14 

io'2 

4 

.39 

io'4 

2 

.31 

10~9 

3000 

6 

.38 

io-3 

4 

.35 

io'5 

2 

.66 

!0'12 

3500 

6 

.67 

io~4 

4 

.14 

io-6 

2 

.92 

io'15 

4300 

6 

.23 

io-5 

4 

.  14 

io-8 

2 

.90 

i<f20 

5000 

6 

.12 

10-6 

4 

.98 

io-11 

2 

.12 

io-24 

1-5 


M 

mi 


Table  I~4 

CTOL/CTOL  Probability  of  Collision  Data  for 
FC/BC  Independent  Operations 


Runway 

Separation, 

feet 

1500 


2000 


2500 


3000 


3500 


4300 


5000 


Range  from 
Threshold , 
nmi. 


Probability 

of 

Collision 

.17 

10-1 

.61 

10'2 

.38 

10'5 

.45 

10'2 

.52 

io“3 

.11 

10-7 

.13 

o-2 

.97 

i<f4 

.15 

10-10 

.36 

10-3 

.29 

io"4 

.63 

10-14 

.57 

io-4 

.28 

10-5 

.15 

io-17 

.10 

io"5 

.16 

io"7 

.55 

io-24 

28 

io-7 

.40 

10-* 

.28 

io-30 

*v»  jtfji  <'•% 4t  gAl utaAstf#, 


Table  1-6  CTOL/CTOL  Probability  of  Collision  Data  for  PC/FC 
Dependent  Operations  and  Longitudinal  Spacing  of  Two 
Miles  (Continued) 


Runway 

Separation, 

feet 

Range  from 
Threshold, 
nmi. 

Probability 

of 

Collision 

5000 

4 

!0-51 

3 

io-41 

2 

IQ'38 

1 

VO 

l 

o 

H 

srsETSCiTOn 


Table  1-8 

OL  Probability  of  Collision  Data  for  FC/FC  Dependent 
erations  and  Longitudinal  Spacing  of  .25  Miles 


Runway 
Separation , 
feet 

Range  from 
Threshold, 
nmi. 

Probability 

of 

Collision 

1500 

5 

.14 

1C’3 

4 

.53 

io“4 

3 

.76 

i<f5 

2 

.46 

10-6 

1 

.68 

10-10 

2000 

5 

.  17 

10-4 

4 

.41 

10-5 

3 

.28 

10-6 

2 

.16 

io"8 

1 

.17 

10-14 

2500 

5 

.17 

10-5 

4 

.23 

10-6 

3 

.28 

io-8 

2 

.57 

io-11 

1 

.11 

io-19 

3000 

5 

.13 

io"6 

4 

.87 

io'6 

3 

'  .84 

10-1P 

2 

.60 

io-14 

1  • 

.75 

10-26 

1 

•S 


3 

1 

f 

i 


Table  1-8  CTOL/CTOL  Probability  of  Collision  Data  for  FC/FC 

Dependent  Operations  and  Longitudinal  Spacing  of  .25 
Miles  (Continued) 


1 


CTGL/STOL  Probability 
Operations  a 


of  Collision  Data  for  FC/FC  Ij 
nd  No  Threshold  Displacement 


Runway 

Range  from 

Probability 

Separation, 

Threshold, 

of 

feet 

feet 

Collision 

1500 

12/  )0 

-23 

10 

9200 

10-14 

4700 

10'16 

2000 

1~200 

l<f26 

9200 

10-17 

4700 

-23 

10 

2500 

12200 

-29 

10 

9200 

.  -21 

10 

4700 

O 

1 

u> 

LTi 

3000 

12200 

io'32 

9200 

10-25 

4700 

10-40 

3500 

12200 

10-36 

9200 

10-30 

4700 

xo'40 

4300 

12200 

10'42 

9200 

o 

1 

o 

r— t 

4700 

■  io-40 

5000 

12200 

10'50 

9200 

io-45 

4700 

H* 

o 

o 

Runway 

Separation, 

feet 


Range  from 
Threshold, 
feet 


Probability 

of 

1 

Collision 


1500 

7700 

:.o~12  , 

6200 

10'11 

4700 

io‘12  , 

2000 

7700 

io"16 

6200 

10"16 

4700 

lo'19 

2500 

7700 

l(f“ 

6200 

io“22 

4700 

io'26 

3000 

7700 

io-26 

6200 

M 

o 

» 

U) 

o 

4700 

io'39 

3500 

7700 

■  io'33 

6200 

io'40 

4700 

io-39 

4300 

7700 

io-42 

6200 

-40 

10 

4700 

io'39  ' 

5000 

7700 

io-42 

6200 

io-40 

4700 

IO'39 

t 


Table  1-11  : 


STOL/STOL • Probability  of  Collision  Data  for 
FC/FC  independent  Operations 


RUnway 

Range  from 

Probability 

Separation, 

Threshold, 

of 

feet  1 

feet 

Collision 

1500 

12000 

io'2 

'  7000' 

10-9 

1000 

10-41 

2000 

12000 

io"5 

7Q00 

10-18 

1000 

-  10-73 

2500 

12000 

io-5 

7000 

10-28 

1000 

!0-118 

3000 

i 

12000 

io’13 

7000 

■  IO’41 

1000 

-120 

<10 

3500 

12000 

r- 

rH 

1 

O 

7000 

io-57 

1 

1000 

<10-120 

4300 

12000 

io-26 

7000 

-88 

.10 

1000 

<io'120 

1 

5000 

12000 

io'36  ■ 

7000 

io-120 

1000 

<xo-120 

1-16 


APPENDIX  J 


SINGLE  AIRCRAFT  BLUNDER  ANALYSIS  DATA 

This  appendix  contains  the  output  data  for  the  sin¬ 
gle  aircraft  blunder  analysis  performed  in  the  Lateral  Separation 
study.  The  purpose  of  this  analysis  is  to  evaluate  the  cross¬ 
track  distance  (blunder  recovery  airspace)  required  for  an 
aircraft  to  recover  from  the  type  1  and  type  2  blunders.  Type  1 
blunders  occur  when  an  aircraft  that  is  on  a  track  which  inter¬ 
cepts  the  approach  course  at  10° ,  20°,  or  30°  passes  through 
the  normal  operating  zone  and  proceeds  toward  the  adjacent  track. 
Type  2  blunders  occur  when  an  aircraft  which  is  established  on 
the  final  approach  course  (within  the  normal  operating  zone) 
makes  a  turn  toward  the  adjacent  course  at  15°,  30°,  or  45°. 

The  blunder  recovery  maneuver  is  assumed  to  be  a  coordinated 
turn  in  the  glideslope  plane  performed  by  the  blundering  air¬ 
craft.  The  geometry  of  the  single  aircraft  analysis  is  shown 
in  Figure  J-l. 

The  single  aircraft  analysis  utilized  combinations 
of  the  blunder  parameter  values  listed  in  Table  J-l  excluding 
the  data  acquisition  system  (DAS)  accuracies  (eR  and  eA) .  The 
lateral  recovery  airspace  required  for  parameter  combinations 
for  the  single  aircraft  blunder  analysis  is  presented  in  tabular 
form  in  Table  J-2.  Values  for  DAS  errors  (EDAS)  should  be 
added  to  these  data  when  the  position  of  the  DAS  antenna  with 
respect  to  the  blundered  aircraft  is  known. 

EDAS  is  evaluated  using  the  following  equations: 

EDAS  =  E„  cosp  +  sinp 
A 

where , 

E,  =  R  tan  e, 

A  A 

.  £*R 

E  =  1  1  ’• 

R  1D0 


J-l 


'•O 


> 

nJ 

3t 

Type  X 

Blunder 

Trajectory 


c 

•H  >1 
+>  p 

(0  c . 

J-l  T3  t 

S.  3| 

°S 

H 

m  o 
e  c 
n  o 
o  N 

z 


Action 

Point 


Nix' 


Blunder 

Recovery 

Airspace 


J-ll-COSg) 


V  T1  Sin6 


Motion  During 
|  Communication 
I* — Time  +  Pilot/ 
Aircraft 
Reaction  Time 


- ->J 


Aircraft 

Advance 

During 

Turn 


i*T~. 


Worst  Case 
Decision  Point 


U _ Motion  During  Data  Acquisi¬ 

tion  System  Update  Delay 


L, _ Data  Acquisition  Syste 


m 


Error  (Worst  Case) 


Type  2  Blunder 
Trajectory 


T^  =  Summed  Delays  =  Data  Acquisi¬ 
tion  System  Update  Delay  + 
Communication  Time  +  Pilot/ 
Aircraft  Reaction  Time 

B  =  Deviation  Angle 

V  =  Aircraft  Velocity 

\p  =  Turn  Rate 


Fiqure  J-l 

Single  Aircraft  Geometric  Analysis  of  the  Two  Types  of  Rlunoars 


J-2 


Parameters 


Values 


Units 


Departure  Angles 

Type  1  Blunder 

Type  2  Blunder 

10,  20,  and  30 

35,  30,  and  45 

degrees 

degrees 

DAS  Range  Accuracy  (e  ) 

R 

I* 5 f  1.0,  • 5 , 
and  .2 

percentages 
of  range 

DAS  Azimuth  Accuracy  (e^) 

1.5,  1.0,  and  .5 

degrees 

DAS  Update  Delays 

4,  2,  1,  .5,  .1, 
and  .01 

seconds 

Aircraft  Velocities 

60,  80,  100,  120, 
140,  and  160 

knots 

Aircraft  Bank  Angles 

10,  20,  30,  and  40 

degrees 

Pilot/Aircraft  Reaction  Times 

1*5,  5 ,  and  8 

seconds 

Communication  Times 

1  to  10 

seconds 

with, 


XA^,C  -  Aircraft  ground  range  tc  touchdown,  ft. 

VA^C  -  Aircraft  lateral  location  from  the  runway 
centerline,  ft. 

ZA/C  -  Air'  ->ft  altitude,  ft. 

X  -  DAS  antenna  ground  range  from  touchdown,  ft. 


YDAS  **  DAS  antenna  lateral  location  from  the  runway 
centerline,  ft. 

ZDAS  "*  DAS  antenna  altitude,  ft. 

The  above  equations  were  derived  by  using  the  geometry  illus¬ 
trated  in  Figure  J-2. 


follows . 


The  column  headings  for  Table  J-2  are  explained  as 


Departure  Angle  (deg.)  -  the  angle  at  which  a  blundered  air¬ 
craft  heads  -ward  the  adjacent  approach  course  measured  from 
the  extended  runway  centerline. 

Velocity  (knots)  -  the  velocity  of  the  blundered  aircraft. 

Bank  Angle  (deg.)  -  the  bank  angle  that  the  b.lundered  aircraft 
uses  to  make  the  corrective  maneuver. 

Summed  Delays  (sec.)  -  a  total  of  all  the  delays  of  the 
blundered  aircraft,  including  DAS  Update  Delay,  Communication 
Time,  and  Pilot/Aircraft  Reaction  Time. 

Blunder  Recovery  Airspace  (ft.)  -  the  lateral  recovery  airspace, 
excluding  EDAS,  required  for  a  blundered  aircraft  to  recover 
from  the  type  1  cr  type  2  blunders,  measured  from  the  action 
point  and  perpendicular  to  the  extended  runway  centerline. 
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APPENDIX  k 


DUAL  AIRCRAFT  BLUNDER  ANALYSIS  DATA 

This  appendix  contains  the  output  data  for  the  dual 
aircraft  blunder  analysis  performed  in  the  Lateral  Separation 
study.  The  purpose  of  the  dual  aircraft  analysis  is  to  evaluate 
the  blunder  recovery  airspace  required  for  a  blundered  aircraft 
to  recover  from  the  type  1  and  type  2  blunders,  assuming  that 
the  blundered  aircraft  does  not  immediately  respond  to  control¬ 
ler  warnings.  Type  1  blunders  occur  when  an  aircraft  that  is 
on  a  track  which  intercepts  the  approach  course  at  10°,  20°,  or 
30°  passes  through  the  normal  operating  zone  and  proceeds 
toward  the  adjacent  track.  Type  2  blunders  occur  when  an  air¬ 
craft  which  is  established  on  the  final  approach  course  (within 
the  normal  operating  zone)  makes  a  turn  toward  the  adjacent 
course  at  15°,  30°,  or  45°.  The  failure  of  the  aircraft  to 
respond  makes  it  necessary  for  the  controller  to  command  an 
avoidance  maneuver  for  the  adjacent  aircraft  approaching  the 
adjacent  runway.  The  recovery  of  the  blundered  aircraft  is 
considered  complete  when  the  heading  of  the  blundered  aircraft 
is  the  same  as  the  heading  of  the  aircraft  on  the  adjacent 
approach  course,  meaning  that  both  aircraft  are  flying  parallel 
courses  at  that  instant.  Therefore,  this  analysis  technique 
not  only  requires  maneuvering  the  blundered  aircraft  but  also 
requires  maneuvering  the  aircraft  on  the  adjacent  course.  The 
recovery  maneuvers  are  assumed  to  be  coordinated  turns  in  the 
glideslope  plane.  The  dual  aircraft  blunder  analysis  is  based 
upon  the  assumed  sequence  of  events  shown  in  Table  K-l  and  the 
geometry  shown  in  Figure  K-l. 

The  dual  aircraft  analysis  was  used  to  determine  the 
lateral  recovery  airspace  for  all  combinations  of  the  parameter 
values. in  Table  K-2,  excluding  the  data  acquisition  system 
(DAS)  accuracies  (eR  and  e^) ,  and  the  results  are  presented  in 
tabular  form  in  Table  K-3.  values  for  DAS  errors  (EDAS)  should 
be  added  to  these  data  when  the  position  of  the  DAS  antenna 
and  the  blundered  aircraft  can  be  approximated. 

EDAS  is  evaluated  by  using  the  following  equations: 

EDAS  =  E,  cosp  +  sinp 
A 


K-l 


Table  K-l 


Dual  Aircraft  Blunder  Analysis 
Sequen  :e  of  Delays 


Blundered 

Aircraft 

Adjacent 

Aircraft 

(1) 

DAS  update  delay 

(2) 

Controller  communication 
time 

(3) 

Pilot^  reaction  time 

(4) 

Aircraft^  response  time 

(4) 

Controller  to  Controller, 
delay  1 

(5) 

Aircraft^  turn  time 

(5) 

Controller^  communication 
time 

(6) 

Pilot^  reaction  time 

(7; 

Aircraft2  response  time 

(8) 

Aircraf t2  turn  time 

Table  K-2  Blundered  Aircraft  Parameter  Values 


Parameters 

Values 

Units 

Departure  Angles 

Type  1  Blunder 

Type  2  Blunder 

\ 

10,  20,  and  30 

35,  30,  and  45 

degrees 

degrees 

DAS  Range  Accuracy  (e  ) 

R 

1.5,  1.0,  .5, ■ 
and  .  2 

percentages 
of  range 

DAS  Azimuth  Accuracy  (e  ) 

A 

1*5/  1*0/  dnd  •  • S 

degrees 

DAS  Update  Delays 

4#  2,  1,  .5,  .1, 
and  .01  , 

seconds 

Aircraft  Velocities 

60,  80,  100,  120,  ■ 
140, ' and  160 

knots 

Aircraft  Bank  Angles 

10,  20,  30,  and  40 

degrees  i 

Pilot/Aircraft  Reaction  Times 

1.5,  5,  and  8 

• 

seconds 

Communication  Times 

1  to  10 

seconds 

1 

where. 


E.  =  R  tan  e. 
A  A 


VR 

E  =  — — 
R  100 


=  f* 


DAS  “  \/C]  '  (YDAS  “  YA/C)  +  (ZDAS  **  ZA/C) 


Y  -  Y 
-1  DAS  A/C 
»■>  =  tan  .  - - 

DAS  "  A/C 


with,. 


i 

-  Aircraft  ground  range  to  touchdown,  ft. 


Y  -  Aircraft  lateral  location  from  the  runway 
centerline,  ft. 

Z^c  -  Aircraft  altitude,  ft:. 

i 

Xh  -  DAS  antenna  ground  range  from  touchdown,  ft. 


Y  -  DAS  antenna  lateral  location  from  the  runway 
DAS  ,  . 

centerline,  ft. 

Z  L  DAS  antenna  altitude,  ft. 

DAS 

The  above  equations  were  derived  by  using  the  geometry  illustra¬ 
ted  in  Figure  K-2. 


The  column  headings  for  Table  K-3  are  explained  as 


follows : 


Blundered  Departure  Angle  (deg.)  -  tne  angle  at  which  3  blun¬ 
dered  aircraft  heads  toward  the  adjacent  approach  course  mea¬ 
sured  from  the  extended  runway  centerline. 

i  • 

I 

Blundered  Velocity  (knots)  -  the  velocity  of  the  blundered 
aircraft. 


* 


Runway 


.  Figure  K-2  DAS  Configuration 


TAftfr w.ui *u? ■>* *  h  +*&&& '****&h ^MunW»nk. .  **-j^*ew^^*Nurtl  *v't&4tUi  «.<w.v>  u».'v*.«\j.v  "  -  f  **  A  ■  * «-’  ^  “•'A  1 M^W-. 


Blundered  Bank  Angle  (deg.)  -  the  bank,  angle  that  the  blundered 
aircraft  usls  to  make  the  corrective  maneuver. 

Blundered  Summed  Delays  (sec.)  -  a  total  of  all  the  delays  of 
the  blundered  aircraft,  including  DAS  Update  Delay,  Communica¬ 
tion  Time,  and  Pilot/Aircraft  Reaction  Time. 

Adjacent  Summed  Delays  (sec.)  -  a  total  of  all  the  delays  of 
the  adjacent  aircraft,  including  the  Communication  Time  and 
Pilot/Aircraft  Reaction  Time  measured  from  the  time  controller ^ 
communicates  to  controller*  This  occurs  at  the  end  of  the 
Blundered  Summed  Delays. 

Corrected  Parallel  Headings  (deg . )  -  the  heading  angle  of  both 
the  blundered  and  adjacent  aircraft  at  the  point  in  time  when 
they  are  flying  parallel  courses  (i.e.,  the  blunder  is  corrected). 

Blunder  Correction  Time  (sec.)  -  the  total  time  required  for 
a  blundered  aircraft  to  attain  a  flight  course  parallel  with 
that  of  the  aircraft  on  the  adjacent  course  (total  blunder 
recovery  time  measured  from  the  time  the  blundered  aircraft 
reaches  the  action  point  until  the  blunder  is  corrected). 

Blunder  Recovery  Airspace  (ft.)  -  the  lateral  recovery  airspace, 
excluding  EDAS,  required  for  a  blundered  aircraft  to  recover  to 
a  course  parallel  with  that  of  the  adjacent  aircraft.  The 
blunder  recovery  airspace  is  measured  from  the  action  point 
perpendicular  to  the  expended  runway  centerline. 

The  dual  aircraft  analysis  assumed  that  the  heading 
of  the  adjacent  aircraft  was  equal  to  180  degrees  (the  assumed 
runway  heading)  and  that  the  turn  rate  of  the  adjacent  aircraft 
was  equal  to  -3.0  degrees  per  second.  It  should  be  noted  that 
the  blunder  recovery  airspace  does  not  always  vary  with  a 
change  of  the  adjacent  summed  delays.  This  condition  is  due 
to  the  blundered  aircraft  correcting  its  heading  error  before 
the  adjacent  aircraft  has  time  to  start  a  maneuver. 


K-7 


♦ 


Table  K-3 

Dual  Aircraft  Blunder  Analysis  Output 
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10.00  60.00  30.00  22.00  1.00  160.00  22.95  395*25 
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